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PREFACE

The last major conference on orbital debris was held at the NASA Lyndon B. Johnson Space Center

July 27 to 29, 1982. The proceedings oftlns conference were published in Orbita _ Debris (NASA

Conference Publication 2360 (1985)). Since that time, the amount of orbital debris has grown from

approximately 5000 to 7000 tracked objects in orbit, and, quite naturally, interest in the subject has

also grown. Research on orbital debris is under way not only in the United States, but in Europe and
•Japan a_ well. Consequently, it was appropriate to organize another ccnference to benchmark

worldwide progress in this field and to chart future directions whenever possible.

This document represents the proceedings ofthe American InstituteofAeronautics and Astronautics

(AIAA)/NASA/Department ofDefense Orbital Debr',sConference, which was held at the Marriott

Inner Harbour Hotel April 16 to19, 1990, in Baltimore, ._iaryland.

The papers included in those proceedings were published as received from the authors and were given

minimum modification and editing.

O

£



ACKNOWLEDGMENT

Joseph P. Loftus, Assistant Director (Plans), NASA Lyndon B. Johnson Space Center (JSC), was

general chairman of the Orbital Debris Conference and organized the interfaces between the
American Institute of Aeronautics and Astronautics (AIAA), NASA, and the Department of Defense.

Andrew Potter, Chief of the Space Science Branch, NASA/JSC, was the technical chairman for the

conference and arranged the technical program. Betty Ann Nicholson, of NA 3A/JSC, provided

administrative support fur the conference,as did personnel from A!AA.



r_ ru

CONTENTS

"z t

"I

VOLUME I. IMPLCATIONS OF ORBITAL DEBRIS

OVERVIEW OF EUROPEAN ACTIVITIES ON ORBITAL DEBRIS

K. Heftman ........................................................................... 1

AIAA-90-1331 IMPLICATION OF ORBITAL DEBRIS FOR SPACE STATION DESIGN _ •

R. Nieder ............................................................................ 8

AIAA-90-1333 SHIELDING REQUIREMENTS FOR TtiE SPACE STATION
HABITABILITY MODULE / /

S. Avans, J. Horn, andJ. Williamsen ................................................... 14

AIAA-90-1334 SHIELDING FOR COLUMBUS _-_ /*_
H. K. Lo 22 .......................................................................... 22

AIAA-90-1335 SHIELDING CONSIDERATIONS FOR THE JAPANESE

EXPERIMENT MODULE -:

K. Shiraki, E. Hashimoto, and K. Tasaki ............................................... 29

AIAA-90-1336 ADVANCED METEOROID AND DEBRIS S_ilELDING CONCEPTS :2_// -
E. Christiansen ...................................................................... 36

AIAA-90-1337 COLLISION WARNING AND AVOIDANCE CONSIDERATIONS FOR THE

SPACE SHUTTLE AND SPACE STATION FREEDOM

F. Vilas,M. Collins,P. Kramer, G. Arndt, and J.Suddath * 50

AIAA-90-1338COLLISION AVOIDANCE ANALYSIS + ./_

J.Bendisch and D. Rex ................................................................ 59

AIAA-90-1370 ENVIRONET: A SPACE ENVIRONMENT DATA RESOURCE _"• + /

M. Lauriente and W. Hoegy ........................................................... 66

/

L

b,

VOLUME II. MODELING (LEO AND GEO) AND DEBRIS CONTROL

AIAA-90-1353 ORBITAL DEBRIS ENVIRONMENT FOR SPACECRAFT IN LOW

EARTH ORBIT _. _
D. Kessler ........................................................................... 74

AIAA-90-1354 A REVIEW OF ORBITAL DEBRIS MODELING IN EUROPE -.

D. Rex, J.Zhang, and P. Eichler ........................................................ 81

AIAA-90-1355 A REVIEW OF ORBITAL DEBRIS ENVIRON MENT MODELING

AT NASA/JSC / _// -

R. Reynolds ......................................................................... 89

AIAA-90-1356 A REVIEW OF ORBITAL DEBRIS MODELING AT THE

AEROSPACE CORPORATION _ "/-t
/, .i

V. Chobotov and D. Spencer .......................................................... 110

iii

)



AIAA-90-1358 BREAKUPS AND THEIK EFFEC_'S ON THE CATALOG POPULATION

D. McKnight and N. Johnson ........................................................ 115

AIAA-90 1359 ON ORBIT BREAKUP EHARACTERISTICS

G. Badhwar ar, d P. Anz-Meadoc .................................................... i28

AIAA-90-1360 FUTURE PLANNED SPACE TRAFFIC: 1990-2010 AN D BEYOND ":

P. Anz-Meador ................................................................. 138

AIAA-90-1367 BEH AV!OR OF ALUMINA PARTICLE EXHAUSTED BY SOLID

ROCKE _" MOTORS ""

R Akib:,_,, N. Ishii, and Y. Inatani ................................................... 146

AIAA-90-1361 SPECIAL CONSIDERATIONS FOR GEO-ESA

A. G. Bird .......................................................................... 152

AIAA-9(; 1362 RESULTS iN OEBITAL EVOLU ?ION OF OBJECTS IN THE
GEOSYNCHRONOUS REGION

L. Friesen, A. Jackson IV, H. Zook, aad D. Kessler ................................... 160

AIAA-90-1363 ANALY'fi;" MODEL FOR ORBITAL DEBRIS

ENVIRONMENTAL MAN A(iF.MENT

D. Talent ......................................................................... 170

AIAA-90-1364 TECHNIQUES FOR DEBRIS CONTROL
A. Petro ........................................................................... 180

AIAA-90-1365 DEBRIS CHAIN REACTIONS
P. Eichler and D. Rex .............................................................. 187

AIAA-90. !?_6 REMOVAL OF DEBRIS FROM ORBIT

P. Eichler and A. Blade ............................................................ ;96

AIAA-E,3-1368 TECHNOLOGY REQU IREMENTS FOR THE DISPOSAL OF SPACE

NUCLEAR POWER SOURCES AND IMPLICATIONS FOR SPACE DEBRIS

MANAGEMENT STRATEGIES

J.Lee, D. Buden, T. Albert,W. _argopolous, J.Angelo. and S.Lapin .................. 204

VOLUME llI. MEASUREMENTS: CURRENT AND PROPOSED

AIAA-90-132 t_ UNITED STATES SPACE COMMAND: SPACE SURVEILL_,NCE

SATELLITE CATALOG MAINTENANCE

Maj. P. Jackson ..................................................................... 218

AIAA-90-i330 ORBITAL DEBRIS DETECTION: TECHNIQUES & ISSUES

N. Johnson ana D. Nauer .......................................................... 227

AIAA-9C-1348 ORBI;rAL ELEX,_ENTS DFTERMINATION FOR BREAKUP AND DEBRIS

S. Knowles ...................................................................... 235

AIAA-90-1340 OPTICAl, OBSERVATIONS OF SPACE DEBRIS "/ " _

K. Henize ar:dJ.Stan'.e) .......................................................... 241

iv



AIAA-90-1341 DETECTING SPACE DEBRIS ABOVE 900 KM USING IRAS /: -

AR.W. de Jonge and P. R. Wesselius ................................................ 245

AIAA-90-1342 RADAR MEASUREMENTS OF S.AMLL DEBRIS: ARECIBO AND
GOLDSTONE RADARS -"

/

T. Thompson and R Goldstein .....................................................

I •

248

AIAA-90-1343 MU RADAR MEASUREMENT_ OF ORBITAL DEBRIS ,._/__/ :
T. Sato. H. Kayama, A. Furusawa, and I. Kimura 255

j /*

AIAA-90-1947 RELATIONSHIP OF RADAR CROSS SECTION TO TH E GEOMETRIC

SIZE OF ORBITAL DEBRIS /

G. Badhwar and P. Anz-Meador ...................................................... 264

AIAA-90-1344 RADAR MEASUREMENTS OF DEBRIS SIZE /_ _ / '

D. Mehrholz ........................................................................ 267

AIAA-90-1346 NASA DEBRIS ENVIRONMENT CHARACTERIZATION WITH THE _- . ;/._
HAYSTACK RADAR

J. Beusch and I. Kupiec ........................................................... 275

AIAA-90-1352 USE OF GBR-X FOR ORBITAL DEBRIS RADAR

J. Krasnakevich, D. M. Greeley, P. M. Cunningham .................................... 281

AIAA-90-1349 RESULTS FROM RETURNED SPACECRAFT SURFACES

H. Zook, D. McKay, and R. Bernhard ................................................. 294

AIAA-90-1351 THE COSMIC DUST COLLECTION FACILITY ON SPACE STATION

FREEDOM

F. Horz and D. Grounds ............................................................ 300

4

SPLINTER GROUP DISCUSSIONS: CONCLUSIONS AND RECOMMENDATIONS .... 397 .....



AIAA/NASA/DOD
Orbital Debris Conference

E3altimore. April 16-19 1990

Overview of European Activities on Orbital Debris

K. Hpftman, Director
ESA/ESOC

Darmstadt, F.R.G.

1. INTRODUCTION

Orbital debris, nearly unnoticed for many years, emerges as a new reality in
space. More than 3000 launches have led to about 7000 trackable obiects in
space. Of this large number only about 300 to 400 are operational sateilites.
Orbital debris could become a major hazard for all hume,, _c',ivities in sp_ce.
Already now orbital debris is a potential risk in two important regions, at low
Earth altiiude, and in the geostafionary ring.

One of the most fundamental properties of space objects is speed. As all
ob!ects orbiting around the Earth n_ove with high velo,'ity, regardless of tl'._ir
crbit, collisions wJt_, particles in the millimeter to cent!meter range can have
rather damaging effects.

The European Space Agency and its predecessor ESRO were confronted
several times with the space debris issue. As the risk posed by space _ebris
to present and future missions reached a level which require_ serious con-
siderations and measures, especially for ma'_ned missions. ESA, to_ether
with its Member States. has initiated first st¢;,s to better understand and

mitigate the problem.

Space debris is. however, an international i:,.roblem. It is regularly discussed

at special workshops by the :nternatior, al Astronautical Federation (IAF), the
Committee on Space Research of the International Council of Scientific Un-

ions (COSPAR) and space law conferences. The problem of space debris can
ultimately only be solved by coope-atior_ and agreements among all partners
active in space.

Ii t

2. PAST ESA ACTIVITIES

Over severai years certain aspects of spac.e debris have already been ad-
dressed wi*hin ESA.



Examples are collision problems in the geostationary ring. analysis of re-
orbiting optioqs, and. after the uncontrolled re-entry of KOSMOS 954 in 1978,
and later KOSMOS I _02. the re-entry of risk objects.

In 1984 ESA decirJed to free a slot in the geostationary orbit and insert
GEOS-2 into a higher orbit.

At the European Space Operations C,_nter, ESOC. a workshop was held in
1985 where experls from ESA M_mber States gathered, to discuss with ESA
staff the problem of uncontrolled re-entry.

In preparation for manned space flight, the COLUMBUS project initiated in-
vestigations on the shielding aspects of manned platforms.

ESA in obsc, rver status is partic!pating in the sessions of the United Nations
Committee on the Peaceful Uses of Outer Space (COPUOS) which sometimes
deliberates on space debris and space environment issues such as nuclear
power sources.

In 1986, recognizing the growing menace of space debris, ESA decided to
establish a Working Group cn Space Debris. composed of ESA staff and ex-
perts from the Member States. The Group, chaired by Prof. Rex, University
of _raunschweig, issued "SPACE DEBRIS", the Report of the ESA Working
Group in !988. This report provides a c_)mprehensive assessment of the
space debris problem.

The findings and recommendations of the Group were submitted to the
Council of ESA, which approved a Resolution on Space Debris in 1989,

3. CURRENf ESA ACTIVITIES

The Council Resolution defines the Agency objectives in the area of space
debris, which are

• to minimize the creation of space debris

• to reduce the risk for manned and unmanned space flight

• to reduce the risk on ground due to re-entry of space objects

• to acquire data on the debris population as needed for the execution of
its programmes.

• to study the legal aspects of space debris.

ESOC is entrusted with the coordination of _11 ESA actfvities on space debris
Debris-related York is carrieO out at the various ES_, establishments, such
as at ESA HE), "_'3TEC in the Netherlands, in Toulouse and at ESOC.
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A main element of the current activities is the Space Debris Research
Programme. It is managed jointly by ESOCand ESTEC.

A Space Debris Advisory Group, composed of experts from ESA Member
States has been created, to advise the Agency in space debris matters.

Regular coordination meetings are held with NASA since 1987.

The short-term goals of the ESA activities are (1989-92):

• modelling of the environment. This includes setting up a data base on
space debris at ESOC.

geostationary orbit. Current issues are re-orbiting, colocation and risk
analysis. Colocation means assigning to severa! satellites the same lon-
gitude slot, for example at 19 deg W Olympus-I, TDF-1 and TVSAT-2.
Special station-keeping strategies must be identified to maintain physical
separation.

• passivation of Ariane upper stage. After the launch of SPOT-2 the upper
stage of Ariane 4 was made inert by venting the residual fuel.

• preparation for manned mission;_ (design and operations). Investigations
for debris and meteoroid protection are in progress.

The long-term issues are:

• minimization of debris consistent with mission requirements and space
technology

• design standards (Programme System Standard / PSS)

• operations standards (Programme System Standard / PSS)

• international agreements

The Programme System Standards are mandatory standards for the ESA
programmes. They reflect in a formal way ESA policy.

ESA Space Debris Research Programme

The main purpose of the Space Debris Research Programme is to study crit-
ical areas and carry out preparations for future programmes. It covers three
main areas: a) knowledge of the terrestrial environment, b) the risk posed by
space debris and c) protective measures.

Environment. The uncertainty in the debris population, particularly in the
1 - 10 crn size region where shielding is not practical, requires further
research effort.

3
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• Mathematical modelling of meteoroid and debris

• Analysis of astronomical satellite data (IRAS)

• Analysis and preparation of space experiments (LDEF, EURECA)

Risk analysis

• Low Earth Orbit

• Geostationary Ring

Protective and preventive measures. For some pro)ects, mainly in the
area of manned space flight, the increasing threat from space debris calls
for the implementation of protective measures such as shielding or colli-
sion avoidance. Furthermore, the aspect of debris avoidance through
appropriate design and operation procedures is of utmost importance.
The main aspect._ addressed are:

• Design of space vehicles

• Operation of space vehicles

• Minimization of debris generation.

4. ACTIVITIES IN MEMBER STATES

tP

A brief description of the debris-related activities in the Member States fol-
lows. Some are funded by ESA and some by the Member States themselves.

• Facilities for Space Debris Observation and Tracking

RaJar of FGAN (Research Establishment for Applied Science) in
Wachtberg-Werlhhoven, Fed. Rep. of Germany. With this powerful
radar, space objects can be tracked over large areas of Europe. Re-
search on the physical characteristics (radar-cross section, geometry,
mass, etc.) is carried out. Dr. Mehrholz's paper will provide more
information on this station.

Radar" stations in France. At the occasion of re-entry of risk objects
they provide data for their own use.

Optical observations of space objects are occasionally carried out.
With the Project COGEOS, abandoned geostationary satellites are
tracked to determine geophysical parameters. Coordinator is Dr.
PJobili from the University of Pisa (Italy),

Space experiments for collection of cosmic dust and small-size debris. In
Eurooe there is a long tradition in cosmic dust research. Dust exper-
iments were carried by ESRO satellites in Earth orbit, and recently, by
GIOTTO to comet Halley, and hopefully to comet Grigg-Skjellerup. The

4



return to Earth of LDEF (Long Duration Exaosure Facility) has provided
several sqm of thermal insulation for impact analysis.

European institutes involved in dust and debris experiments and analysis

• University of Kent. Canterbury (Prof.Mc Donnell)

• MPI Heidelberg (Dr. GrQn)

• ONERA, Toulouse (Dr. Mandeville)

• T'echnical University Munich (Dr. Igenbergs)

Analysis of IRAS Data. University of Groningen (Netherlands). The Infra-
red Astronomical Satellite IRAS was launched in 1983 to perform a sky
survey at wavelength 10 to 100 pro. the full unprocessed IRAS data are
analyzed in order to characterize the infrared emission of debris objects
and to extract a comprehensive set of debris sightings.

Modelling of the Debris Environment.

Technical University of Braunschweig (Fed. Rep. of Germany). Under
the guidance of Prof. Rex and sponsored by the German Ministry of
Research and Technology, studies are carried out addressing the
modelling of the space debris population, and several other aspects
of the debris problem.

RAE Farnborough. Issue the "RAE Table of Satellites", a chronological
list of all satellites launched since 1957.

University of Kent, Canterbury. Sponsored by ESA, a data base is es-
tablished of the cataloged objects, to be installed at ESOC.

Risk Analysis.

• Technical University of Braunschweig.

DLR, Oberpfaffenhofen. The geostationary orbit and colocation is ad-
dressed.

Nuclear Power Sources. TU Braunschweig and Gesellschaft fO"
Reaktorsicherheit, Cologne. carried out research on the safety aspects of
nuclear power sout,,as in space. A workshop was held on Nov. 13-14 1989
at Cologne.

Shielding and impact analysis

• MBB-ERNO, Bremen.

• Aeritalia. Torino.

• Ernst-Mach Institut, Freiburg.
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• Det Norske Veritas. Oslo.

• Battelle Institut Frankfurt.

Legal Aspects. Institutes concerned with Space Law are

• In_titt;',e of Public Internat!onal Law. University of Utrecht

• Institute of Air and Space Law, University of Cnlogne

The workshop "Environmental Aspects of Activities ip Outer Space" was
held in Cologne. 1_4ay 17-19, 1988. It was _ttended by lawyers, scientists
and engineers. This interdisciplinary meeting included presentations and
discussions on technical, scientific and legal issues.

In 1989 the European Centre for Space Law (ECSL) was founded. The
main purposes are: to exploit and complement efforts in the field of space
law: to promote knowledge of and intere3t in space law: to identify areas
of space-related activity in which regulation is appropriate. ECLS is sup-

ported by ESA.

5. CONCLUSION

Space debris constitutes an increasing hazard to manned and unmanned
activities in space. Maintaining the current practices will not only leave an
ominous legacy to later generations, but could render some regions in space
useless _or spaceflight.

Measures are required in the technical and lega; domain to safeguard the
space environment and keep the risk below tolerable levels.

Immediate steps are recommended to keep the growth of space debris at the
lowest possib',e level consistent with current space technology and mission
requirements. C_uch measures include

• upper stage design to prevent break-up

• satellite design to prevent break-up

• re-orbiting of geostationary spacecraft at end of life.

As concerns the uncontrolled re-entry of risk objects, operators and/or own-
ers should disclose sufficient status information. This includes complete orbit
information and auxiliary data for short-range forecast of the re-entry trajec-
tory and risk assessment

6



ES/.. _r_._ ;ts Member _,.'-_e'. --_r£,a_;_ e of thP _.)_ce '!.£.brt5 5_[utarto,--, a,,,._ h_,/?
_nitia{ed first measures

Considering the global nature of the sp;]ce debris problem, cc;oper?,tion of
all space system designers and operator.,; is required
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IMPLICATION OF ORBITAL. DEBRIS FOR
_PACE STATION DESIGN

Raymond L Nieder*
NASA Johnson _pace Center

Houston, Texas

ABSTRACT

This paper briefly discusses the impt'catlon to .
Space Station for designing to the latest orbital
debris environment flux model as described in
NASA TM ',00471 This new clebris flux model
results irt the Space Station critical eouipment
being designed to a steadily increasing debris
particle size versus ?_irne as compared to the
previous model To accommodate this steady
increase in particle size/the Soace Station wifl
have to thoroughly rev,ew the existing
meteoroid and idebris protection requirements
This will involve identifying ali equipment that
affects the survivability of the Spare Station and
its crew and performlng studies toc]etermine
the amount of protection that n-ust be
provided Thisprotec'.ion will be provided by a
comt)ination of passive shielding and active
techniques..Th e passive shielding discipline will
oe attected t)y the requirement to develop easily
augmentable shielding and the use of new
shielding materials to reduce k, unch weight and
vc01ume Development of large two stage licjht
gas guns.for testing with larger particles _ the
tnl_iDiteO shaped charge launcher to obtain
higher t¢-sl velo<lties will be required In
addition to passive protection development, the
Station must also develop collision avoi_-tance.
procedures which wilt move the Station out ot
the oalh of very large debris partic .is To f II the
oapbetween passive protect,on shielding and
co,!ision avoidancp capab!lities, extens*ve studies
will have to be pe, tormed during th : next few
years that investigate various on-orbit debr*s
detection and tracki ng devices, active debris
interceptors, "stocm cellars," and other
innovative concepts.

!NTRODUCTION

The la_.est orbital debr:s flux model, as described
i.n Reference 1. represents a significant chan(je
tro_ the old debr,s env,• onment (Reference-2)
that is currer_tlv being used for Space Station
design activitit;s. A comparison between the
old and the new debris flux models for a 1
centimeter d*ameter debris _,article is shown in
Figure 1 This large increase in the debris
environment when combined with the existing
Space Station Program Requirements (Reference
3)results In muchlarcjer design debris particle
sizes being used for designing the Space Station
debris protection system (Figure 2). The.se

design particles ,_re the debris particles that the
Space Station ,must Io_ protected agair%_ by a
combination of passive shielding am:l active
meas_Jres such as col hsion avoidance and on
orbit detectors. Si nee the new environment is

"Functional Area Manager, Meteoroid and
Debris

Copyright ._ 1990 bythe American lnstltuteof Aeronauhcs

and Astronautics, Inc. No copyright Is asserted m the
United State+ under Title 1"7. L'JS. Code. The U.S. Govern.

men! has a royalty-free hcense to exercise all rights under

developed as a function of time and includes a
growth factor, the "design debris particle" for
Space Station ts constant]y changing from year
to year To further complicate the Space Station
de?ign efforts, recent debris measurements are
irKlicatin(_ that the a_ual debris environment
could be to 3 t rues more sever? than the
Reference ; debris flux model p, _,dictiocs. A lot
more work will have to be performed to verify
the latest findings, and incorporate the data
obtained from LDEF; this should lead to another
revised debris model during early 1991.

The Reference I debris environment has many
influences on the Space Station design efforts.
These affect all areas includ!ng material and
shielding concepts, hypervelocity testing
t ec.hniq, ues, and the nec..essity for using on board
oeorisoetectors in cornoinat_on with ground
tracking of large debris objects. The net result is
that Space Stafon passive shielding will I_.
heavier and new shielding concepts must be
oeveloped. In addition it will be necessary to
research and implement active on-orbit debris
detectors and collision avoidance maneuvers in
order to protect the station from the more
severe environment. The full implication of this

w more ;evere environment _sjust starting to
recogn*zecl and has not been fully accepted

at this time

DESIGN REQUIREMENTS

T_ current Space Station Program
Requirements, do<umented in Reference 3, were
develol:le_l by the Structures W3rking Group
during 1:J86. The design goal, for tl_ Space
Star,on is to provide a very high probability of
surviving all meteor_d ;_'_d debris impacts that
will occur during the Space Station design
lifetime of 30 years. Howeve.'. many
uncertainties currentlyexist ,r the definition of
the meteoroid and debris environments, passive
shielding r_nse to impacts, and the long-
term behavior of materials in the on-orbit

environment. Du_ to these uncerl_inties, Space
Station has specified that the initial meteoroid
and debris protection system will be designed to
protect the S.llu_ce Station tor ten years
_t)_,N:jinning with the First Element Launch
Maintenance, refurbishment, and augmentation
of the Protection .sye_tem will be performed
within the capabilities and constraints imposed
by the station maintenance capabilities It is
anticipated that a signiticant increase in the
.content and accuracy of data bases coverirKj
bOth the environment definition and material
behavior will occur during the design,
development and early operation of the Space
_tation Each of the Space Station meteoroid
and debris protection systems will be designed
it, accordance with the 10 year init_l design
requirement and will be capable of having its

the copyright claimed hereto for Govcrnmemal purposes. 8
All _hPr ri_h_¢ _rP r_rr'_,_ h_/ fhr c_nvril_ht o_vner



meteoroid and debris prote_:ion improved
,ncrementally in order to ultimately meet the 30
year design goal

Fcr meteoroid and debris dan_.qe 10urposes, all
items of the Space Station ere d;'v=ded _nto two
cateqories which are termed critical and
functional Critica! items are those whose
failure, either directly or indirectly resulting
from meteoroid or debris impact, could resutt in
the loss of the Space Station or loss of or injury
to the crew Functional items, on the other

hand, are.those items whose failure may
aegraoe the Space Station s performance but
does not endanger the crew or Space Station.
The determination of critical andfunctional
items will be made at the individual module or
pallet level. All parts of the manned module
cluster are automati cally included in the critical
category. An example of a functional item is the
solar array. Debris impacts on the solar arrays
w011 decrease the power being generated by that
array but will not represent a direct threat to the
crew or station survivability. Critical equipment
includes items such as high pressure storage
tanks, control moment qyros, and other P,=.ms
which, if impa:.te,J, courd explode or otherwise
s_.verely damage the Space Station or endanger
the crew. The amount ot protection that is
actually provided for e_ch item will depend on
whether it is a critical item or a functional item
and on the severity of the consequ_. - of a
failure due to a meteoroid or debris impact

Functional Items

I:unctional itenls are those items of the Space
Station whose failure when impacted by a
meteoroid or debris results only in the loss of
Space Station functionality. W%atever
protection is provided for Tunctional items will
he determined by trade studies that relates the
cost of extra protection to the cost of not
providing the protection. These trade studies
will consider such items as the effects on

maintainability, reliability, overall functionality,
and operations Thus, the on-orbit spares,
maintena?ce and redundancy capabilities will
De utilizeo to reduce the cost of launching and
installing the extra shielding weight

Critical Items

The design goal for each item classified as critical
=s to have a minimum probability of 0.9955 of
experiencing no failure due to meteoroid and
debris impact that would endanger the crew or
space _)tation auring the first 10 years Earh
critical item will bedesigned to hmit the
Dropagation of meteormd or debris damage to
)crOVent failur¢s from occurring at other

ations. In addition to Lhe direct impact effect,
all secondary effects must L_econsidered such as
secondary electa, spall, explosion, pressure loss,
and fire "The Space Station will h_ve the
capability to detect, locate, isolate, and repair
pene b'atJons of the manned moaule_; caused by
meteoroid and debris impacts

DEBRIS SIZE REGIMES

Figure 3 c uantifies the debris problem as
defined by the NASA Johnson Space Center (JSC)
Meteoroid and Debris Protection Working
Group (MDPWG). The MDPWG has divided the
full range of possible debris particle sizes into
three size regimes which are referred to as small,
medium, and large. ]he exact boundaries
between these tF0ree particle size regimes are
not firm

The debrisparticles categorized as small are
those smaller than 1 .S to 2.0 centimeters in

diameter which will be defeated by the Space
Station passivepr,)tection shielding The passive
protection shield, ng community currently
believes that passive shielding can be developed
to handle these small particles without
unreasonable launch weight, volume,
maintenance, and installation requirements.

The exact upper limit on passive shieldingcapability is not known and will (.volve as more
knowledge is gained regarding passive shielding
capabilities and launch restrictions. Based on
the reference 1 d_bris flux model, 78% of the
debris particles that are larger than 1 centimeter
fall within the range of 1 to 2 centimeters in size

The large debris particles are defined as those
larger than 10 centimeters in diameter and
represent 5% of the total population of debris
particles that are larger than 1 centimeter in
size. Particles o; this size can be tracke d by the
U.S Space ¢.ommand (SPACECOM) anti thiS
=Information will be used to develop the Space
Station debris collision avoidance capability.
This capability would allow the Space Station to
s!owly move away from impending collision with
the trackable large debris particles The 10
centimeter size number is the value that the
SPACECOM specifies as being their lower limit
on orbital debris detection capability

The medium range of debris particles represents
1 1% of the total debris population larger than 1
centimeter =n size. These particles are too large
to be defeated by the passive shielding, too
small to be detected by SPACECOM and
therefore, rep_esent a threat that will require
additional research. Many ideas are being
studied irKluding both passive and active on-
orbit debris d$tection devices, active

interception of the debris particles, and the
"storm cellar concept.

Passive Shields

The existing passive protection shielding design
relies on the aluminum Whipple bumper
concept that has been standard spacecraft
shielding for many years. Dr. Whipple ;,rst
describ_ this concept in a paper written in
1952. The concept consists of a thin aluminum

bumper plate located a_.ead of a thicker
backwall (Figure 4). When a very high speed

debris particle hits the bumper¢ vefy-hig h shock
loading is induced, in the partic=e that e_ther
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shatters or vaoorizes the oarticle The remnants
of the _ _Jrtlcle ihen expands in a debris cloud
which subsequently impacts the backwal!. Up
until now, the Whipple bumpe, concept hasa
resulted in reasonable shielding weights since
the spacecraft were typically small and haa
relatively short lifetime For the Space Station
with the old environmert (Reference 2), the
Whipple concept was still marginally acceptable
as the debris design solution, but with th_ new
environment (Reference ,), the Whipple ,;o_,cept
would result in unacceptable weightmcreases
Newer shielding concepts have be_ re.cently
developed that ublize a multishocK technique to
defeat the larger particles and als0 uses new
materials that result in very signiticant weirjh_
savings The multishock te-_mque shocE.sthe
projectile several times, resulting in much
smaller remnants hitting the bacKwall. JSC is
pursuing the Crews/Cour-Palais shielding
concept (reference 4) that consists ¢,f several thin
layers of a ceramic fiber material located ahead
of the ba_.kwall (Figure 5). The ceramic fiber
ooth also ehminates the secondary electa that
are created by aluminum bumpers causing
additional generated debris that could impact
other portions cf the Space Station. A .
ugniT_cant amount of development work must
be perform_.d in the near future in order to
qualify this concept for Space Station.

A McDonnell Douqlas Independent Research
and Development-(IRAD) effort is also looking at
several different shielding materials and
concepts Various materials were tested at the
JSCHypervelocity Impact Research Laboratory to
determine their suitability as Po_tential sh.ieldmg
materials Initial results are confirming the
results reported previously for the Cre/ws/Cour-
Palais concept and the significant weight savings
that can be obtained by using new materials and
shielding concepts. The 1989test res_JltSare
currently being used to develop another series
of tests that are planned for 1990

AnotheT effort that is being pursued by JSC, in
cooperation with the Southwest Research
Institute, is the development of the inhibited
shaped charge launcher. This device has the
potential for firing a 1 gram particle at re=De!ties
of 10 kilometers per second. Theoretically, this
launcher could obtain a velocity of 11 kilometers
per second using an aluminum liner or in excess
of 15 kilometer_ per second using a beryllium
liner A similal launcher was deveiopec] and
operated successfully during the early 1960's.
The Southwest Research Institute conducted an
imbal se_ies of 10 firings during 1988 with
encouraging results The primary problem
encountered during this series ot tests was that
the shape charge mountin(j device failed and
deflected the particle intothe debris catcher
plate instead of into the target. Velocities from
90 to 98 kilometers per seconct were measured,
which is better than that achievable with light
gas guns A follow-on series of tests with
_mproved mounting devices and a revised liner
design are currently underway. Operationa= use
of the shaped charge will occur at the White
_ands Test Facility and will provide hypervelocity
testing in the 10 to 11 kil "_eters per second
speed regime

A large hazardous hypervelccity i,_npact test
facility is being developed a_ the White Sands
Test Facility (WSTF) to support Space Station.
This facility currently contains a 30 caliber light
gas gun developed and built by VVSTF. This gun
has given WSTF an exce,Jent introduction to the
difhculties that can be expected in devel¢oing
and operating larger guns A 1 inch bore two
stage 1ight qasqun w_l I_ pro(ured this year,
andshouldbe delivered to WSTF during _ober
1991 Other features of the p',annedfacility
include accc_mmodation of the inhibited shaped
charge lau;_.:her _=ndhazaruous hyperveloc,ity
irnpact testing on _tems such as pressure yesse.
containing hyd_azine. Data describing the
phenomena of hype_vetocity impact o¢ _ressure
vessels is nonexistent and must be deveiuped to
support the Space Station development _ince it
is impossiBe to fullyprotect all of the pressure
vessels on the Space Station from all meteoroid
and debris impacts, the consequences of such an
impact need to _e understood. The full up
facility should be operational in 1992.

A uclment:ttion

All passive shieldin¢j designs will have tO provide
augmentation c=pa-bility as currently required
by the Space St abon Program Design
Kequirements (Relerence 3.). Thepassive
shielding must be desicjne¢l to be _nstalled
incrementally, during the Station s life in order
to avoid sign0_icant _mpacts to the Space Station
assembly sequepce The augmentation
capability wdl thus permit the Sl_ce Station
equipment to be launched with minimal

rotection for the first few years of t.he Space
ation life. Once the Station is on-orbit,

measurements of the actual debris environment
will be performed and used to determine when
additional protect!on is required. Since
augmentation wih require EVA insta.ation o_
additional shie!ding around the widely _:attef.ed
critical items, the inttial design must provide the
additional mountinq fixtures and other
interfaces that will 6e necessary for easy
addition of the next I.ayer. The shielding
community believes that up to 12 inche_ of
multilayer bumpers will eventually be added
during the life of the Station. Other
considerations in the design of shielding
includes adequate pro. isions for EVA acces._,
inspection, on-orbit repair, and replacement of
damaged shielding materials, thermal
insulation, and backwalls.

Medium Range Particle <_olutions

The foil.owing concepts are a f.ew that are .
currently .l_ing stud=ed at JSCthat addresses the
portion ot the debris size regime too large for
reasonable passive oeoris smelds but too small
for detection by ground based systems.

A Space Shuttle Payload Bay flight experiment is
I_ ing developed to test _ passive debris collision
warning sensor in low earth orbit. The basic
oOalis to sample the debris environment down

1 millimeter diameter particles and to obtain
data on the thermal c;,aracteristics of the
particles The flight experiment i, $cl'f_lul_d to
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fly in 1994. This experiment will be used to
provide the enabling technology required for
developing a Space Station collision warning
system

Active collision warning sen_r studies are also
underway at JSCusing a phased array radar and
a Laser detector The proposed on,orbit ra0ar
w .ould provide two capabilities to assist in
solv;ngpart ot the orbital debris problem for
SpaceStation. The first would be to acquire
selected large debris particles (i. e., larger th_n
10 centimeters i_ diameter) based onground
supplied information, and then provide

improved trajectory parameters. This improved
data would b;eadd_=d ,o the ¢_PACECOM debris
dat.a base, improving it._ accul"acy, and thereby
reclucing the number of Space Station collision
avoidance maneuvers that have to be
performed. The second capability would be to
operate the radar ;n a scanning mode to des .eCt
debrispartlcles thin are ell'her too small for the
q,'oundoa_,_l radars or are not contained in the
¢]ebris data base For the Space Station
application, it is predicted that the phased array
antenna would be about 5 me', 3 square and
would be able to track I centm=,eter particle. _ at
ranges of 50 to 100 kilometers Some initial
power est!mates have been as i_igh as !0
kilowatts but the final numl_r wdl de_end on
many factors If the radar is f;aved to a passive
debris detect;on system, the radar would not be
in use as often anti thus, the intermittent high
a_tteer requirements may be provided by

rie¢.

The "Defender" concept beinq prolx_e.d by Dr.
L Utrela of BDM International', |nc. of Huntsville,
Alabama was recently reviewed bv NASA JSC
Defender is a small spacecraft tha{fli_s in front
of the Space Station and intercepts orbital debris
objects that would otherwise hit the station.
The actu@l concept of a debris capturing
spacecraft has been, pro_ by many
individuals and could be usecl for protectinq any
long-term or other valuable space-bafRd vehicle
from large debris panicles. Once a debris
particle is detected, it is ,;_onitored for several
seconds to determine its trajectory.. If the
trajectory is computed as representing a dange_
to t_e Space Star,on, Defender rap_dly moves to
an intercep, position, captures the;particle, and
then returns to its initial I_(ation along the
velocity vector of the Space Station. There are
many concerr.s with such a concept, that will
have to be stuo;ed very carefully. A prime
concern is how Defender will discrimina'. =
between debris objects that nee :! to be
intercepted and other objects that must not be
interceFted There will be many victors to t.he
Space St ,finn during its lifetime including the
Orbiter, tSA man tehded f:ee flyer, Hermes, and
OMV. It would not be a good idea .to introduce
a Defender vehicle in the vicinity ol the Station
that would intercept friendly objects A design
requirement must be imposed that any
Defender-style concept must identify and
discriminate a" friendly c, iects theft could be in
the vicinity of the _tation uefore intercepting
In addition to identifying friendly object.¢.,
Defender should also e_tlmate the size oT the
unfriendly debris objects and use that

information in deciding whether or not to
perform an interception If Defender goes after
too large a debris, particle, that particle would
likely d-estrov Defender and pose an additional
risk to the Station due to '_he combination of the
large debris particle and the ruined Defender
yen;tie

Another idea that is beinq looked 3t is referred
to as the "storm cellar." I-n thi_ approach, the
centrally located resource nodeshave adclitional
passive shielding capability added in order to
defeat very large debris particles. The location
o_.these resource nodes provides a very
significant amount o.f inherent pcotec(ion
al?ead_,, bythe fact that they are located
between the larqe m_nned modules and are not
ve._ exposed to [he debris environment. By
adding extra $,_ie!ding to the relatively small
exposeo area ot the centrally located resOurce
nodes, the crew would have a safe place to
retreat to during emergencies, just like the old
storm c--liars that used to exist on farms,

Collision Avoidance

The current method of detecting and tracking
debris utilizes the SPACECOM ra_dar system
which h_.soperational characteristics that limit
detection of deb.-is objects to those that are
laroer than 10 centimeters in diameter.
SPACECOM has historically had problems with
tracking.small obj .ei_s at low altitude. There are
some inoications that the actual number of
smaller debris objects could be a factor of 2 over
the 5PACECCM catalocjed data. NASA JSC has
had operational ins.err-aceswith SPACECOM for
.quite some time regarding potential collisicns
between the Space Shuttle and orbital debris.
To date, L _ Space Shuttle collision avoidance
maneuvers h ",e been performed, although one
objP'-t came within the envelope that would
normally have required a maneuver. For this
one case, there was inadequate time before the
predicted near miss to perform the maneuver

A s,mil_r procedure can I_ implemented for the
Sl_ce Stat,on. The Space $tat=on collision
avoidan(,_ .procedure would take the 5PACECOM
cataloged, data and identify debris objects that
werepreoicted to come near the Station at some
time during the next 90 days SPACECOM wo,,Id
be requested to_provide better tracking data tor
these objects If this data confirmed that these
objects still represented a ;hreat to the station,
collision avoidance maneuvers could be
_Khe_luled and performed as necessary. The f_ll
implication of each codision avoidance
maneuver would be thor .oughly analyzed, prior
to t_e maneuver so that the Station would not
be moved away from one object into the path of
another one. Some prelimi_ary calculations
based on an assumed. 1 by 1 by2.¢_ ki,ometer
ellipse determined that T7 Space Station
maneuver_ per year would be required to avoid
10 centimeters or larger debri¢ particles The
size of the el',ip_ is dependent on the accuracy
of knowing the orbital debris and Space Station
trajectory parameters As the size of the ellipse
increa¢es (=e., less accuracy), more rraneuvsr_
woulo be required if nr_ station m_nel_vers
_,_ere performed, statistics indicates that there

11



are 6 chances out of 100 that a collision will
occur with 10 centimeter or larger objects
during the first 10 years of the Station life

FIGURE 1
RATIO OF "NEW" TO "OLD" DEc_AtSFLUX

CONCLU_IQN_

In conclusion, a considerable amount of effort is
required to fully research and develop the Sl_ce
Station meteoroid and debris protect,o_
systems. This effort must cover all 3 size regimes
with the medium f_ze regime currently hawng
the least maturitv. The newer Reference 1 debris
flux model (which has not been accepted by the

mN

fSpace Station Program as a de?i;In environment)
urther emphasizes the necessity for protectmng

the station from more and iarQer oebris
- particles. But there are indica(ions that this new

n-.odel could be low by a fpctor .of 2 or 3. This

,nOication ,eemphasizes that wl_ataver : -- --

prote<toon strategies are finally e<cepted and
develoFNId by the-_l)ace Station mus( be aide to
respond to the continually ch#ngir_ debtors
environment that will occur thrOughOut the IGUR
Space Station life. DESIGN PARTICLE SiZE

protection probl .era must be pertorm, eo a no
definite action taken to address ee<h of th_
three delx'is size regimes that have been
identified. Any potential ga.l_ in the Station
protection must be identified and quantified so
that NASA management can make the decision
to accept the risk or devote additionam resources
to f,! I the gaps. Innovative solutions to ,th9 Space
_.)tat,on oeor,s prote<t,on proolem 1or au _ze
regimes shou!d be e n(ou.rage¢l.. Ah._r a brief # _"_"_'_,_'_
rev0ew oi ea(n one s te<nn,cal mermts ano
possible problems, further research and

| development can be devot_.d to those that hold .,
the mostpromise Whatever solutions are
selected for further study must produce a ".._-_- ,., .,. .,,'-_-_ ....
coordinated coverage of the total Space Station ...
debris problem
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In addition to the normal loads _efined for a

structure to be launched, the Space Station
Freedom habitable modules' structures must be

desigaed to protect against critical failure due
to an impact by a metemoid or debris particle.
This paper discusses the total Work Fackage
One meteoroid/debris protection developmen_

program that will provide such a protection
system. This discussion includes a summary of
th_ activities and some significant results
from MSFC, the prime contractt)r, Boeing, and
supporting development contractor efforts°
The supporting efforts discussed include
"HULL" code analysis by the U.S. Army Corps of
Engineers, optimization by Science
Applications International Corporation, data

analysis by the University of Alabama in
Huntsville, explosive rail gun development ef-
forts by Auburn University, and protective ca-
pability and damage tolerance of multi-layer
insulat,on due to meteoroid/debris impact by
the University of Alabama in Tuscaloosa. A
brief discussion of the "pape-" requirements
and how they affect the design of the protec-

tion system is included. Finally, future plans
are discussed.

I. INTRODUGTION

The Space Station Freedom is a unique space-

craft from many points of view. Where many
previous spacecraft have been designed for a
single purpose, the station is intended to be a
long-term base for research in the areas of
life sciences, material sciences, astrophysics,

earth sciences, planetary sciences and com-
mercial applications as well as serve as a low

earth orbit repair and assembly base. Other
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unique qualities of the space station are not as

obvious but become apparent as one attempts
to define requirements and perform the actual
hardware design. One of these qualities in the
requirements is for long term protection
against space debris. No spacecraft from the

pa_t, including Apoilo, Skylab, or even Shuttle
were designed to protect against space debris.
Space debris only recently has become an im-
portant design parameter. Man's increased ac-
t;vity in space has created this envrronment

that is growing and becoming increasingly dif-
ficult to protect against. Because the Space
Station is a large area object and is exposed
for at least 30 years, the debris environment

has ;_n esoecially severe affect on the design
of the Space Station element structures.

The major design elements that Work Pack-
age One (WP01) at the Marshall Space Flight
Center are concerned about include the Habita-

tion (Hab) module, the U.S. Laboratory (Lab)
module, and the Node structures (the Nodes are
the pressurized elements that connect the
module pattern together). These elements are

shown in Figure 1. The design, analysis, devel-
opme,_t and tests of the protection system for

these elements is the subject of this paper and
is discussed in the following paragraphs.

shield

LAB

FIAB

_J Micro me*,eorlt e
shield 0.03"

Figure 1. ''= "_
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II. REQUIREMENTS DEVELOPMENI

Since the beginning of the Apollo program,

design requirements have been established to

ensure spacecraft would be protected from

cr:t[ca!!y damaging meteoroid impacts Be-
cause the orbital debris environment was not

as severe in the early years of the space pro-

gram, debris was not included in the require-

ments for the Apollo, Skylab, Space Shuttle Or-

biter, or Hubble Space Telescope programs.

These vehicles were required to withstand im-

pacts of meteoroid particles to a specified re-

liabihty. The Orbiter and Hubble Space Tele-

scope, both current programs, meet the relia-

bility required when the debris threat is also

included. In the future, however, the growth of

the number of debris particles may cause the

reliabilities of these spacecraft to ,'all below

the numbers originally required for protection

from meteoroids alone.

Space Station Freedom is the first NASA

program to include orbital debris as an integral

part of the design requirements. Although the

first set of requirements considered only the

meteoroid environment, the requirements were

_oon expanded to include the debris environ-

ment as wetl. The entire station was assigned

oc_ reliability number, which was soon refined
into a number for each critical element. The

current requirements for Space Station Free-
dom state that each critical element shall be

designed to a reliability of 0.9955 (99.55%) ior

10 years, with a goal of 30 years, of defeating

any meteoroid or orbital debris particle which

could threaten station survivability or cause
loss of crew life. The WP01 elements to which

this requirement is applied include the U.S.

Habitation Module, the US. Laboratory Module,

the Node structures, the Pressurized Logistics

ModuJe, the Unpressurized Logistics Module,

and any critical pressure bottles external to

these modules. A careful evaluation of each

el_:ment is needed to determine how its loss

would affect the station or the crew. F'en_-

tration, the creation of secondary debris, and

crack growth are just three of many possible

impact effects which may endanger the crew

or space:- station survivability.

To characterize the effects of an impact by

an orbiial debris or meteoroid particle testing

of the final prote_._ion system design is ,n_ded

over a wide range of particle sizes and veloci-

ties O:"/ then can the designer determine, if

the reliability of the system meets the re-

auired reliability. Previous to these verifica-

".on tests, many additional tests are needed to

determine candidates for the final protection

system design.

In the past year, a more s_mphst_c method

of stating requirements has been proposed It

is Ce;ieved that the designer can more easily

design a protection system for spacecraft if he

or she knows exactly the combination of parti-

cle mass, shape, direction and velocfty to be

stopped by the protectqon system The pro-

posal is to state the requirements _n a test

matrix with these specific particle parameters

to be defeated by the protection system. This

takes the burden of probabilistic methods from

the designer, and places it on the safety engi-
neer. This method may reduce the r_umber of

tests the designer must complete to validate

the design. However, stating the requirements

in this form requires extensive design knowl-

edge that can only be provided by testing. This

means a large number of tests must be com-

pleted before requirements can be specified as

a set of validation test parameters which is

reasonable from the structura_ viewpoint. Re-

quirements in this form could also penalize the
structure with a non-optimized protection

system, since the requirements would be based

on existing protection system technology. The

designer would no longer have the motivation

to investigate more weight efficient systems,

and if requested to do so wou!d require addi-

tional funding. Although perceived as more
easily understood than reliabilities, reouire-

ments stated as tests for design verification

could present unforeseen problems that must

be resolved before the requirements are _m-

plemented.

Much more development work is needed for

either the current Space Station Freedom

reqairernents or the proposed requirements for
protection from meteoroids and orbital debris.

For WP01, much of this work has been com-

pleted, and will continue through the next

phase of Space Station design.

III. DEVELOPMENT EFFORTS

The MSFC end C3oeing have been working

closely to,aether Jr, a joint progrz, m to deter-

m_ne the capat'ility of the current Boeing pro-

tect_on system design (see Figure 2). This de-

sign was developed durino the phase B contract

effort by using a comb_na'._on of hypervelocity
testing and analy:.es. Protection capabd_ty

against hypervelocity impacts depends on many

pararrfeters. These parameters include but are

b
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not limited to particle velocity, size and angle
of impact, bumper(s) and pressure wall mate-
rial, bumper(s) thickness, pressure wall thick-

ness, spacing between the bumper(s) and pres-
sure wall, and location of any material be-
tween them (i.e. thermal insulation). Because
of the many possible ccmbir'_tions of these
parameters as well as geometric limitations
of the module itself, it was decided to "fix"

certain design parameters such as bumper and
wall material, the location of the thermal in-

sulation, and the spacing between the bumper
and wall. This resulted in a simplified and
somewhat manageable test matrix.

Even so, the test matrix for the pnase C/D
program grew to approximately 1000 tests.
Over half of these tests are ballistic limit

equation development and spall character,za-

tion. The ballistic limit equation is important
because it is the link between the design and
the environment definition and requirements.
Small variations in this equation can cause

wide dispersions in the resultant design. In ad-
dition to penetration, the design must also re-
sist other failure modes. The spall charac-
terization tests are intended to incorporate
the .3ffect of spall without penetration into the

ballistic limit equatim_ since spall occurring
inside the manned volu,.'nes can be jt:,st as
catastrophic as a penetration. Other tests in
the matrix are not intended to De complete
programs with definitive results, but will in-
stead yield some qualitative information
where none or little now exist. The number of

tests of this type naturally result; in a com-
promise based on schedule and resouJce de-
mands. Subjects included in these kinds of

tests include ricochet/ejecta, wmdow capa-
bility, insulation location, pressure bottle cc,-

pabil_ties, internal pressure effects, augmen-
tation techniques, and effects of 3tress on
penetration resistance.

The results of the few tests run thus far
show that the ballistic limit c_:ve wi_! be re-

firmed significantly from that c.;eveloped from
the phase B data. A comparison -.ff the stressed
panels impacted at conditions similar to un-

stresse(_ pane!s indicates very !ittle oiffe,
ence in the resulting damage. These prelimi-
nary results indicate that the simpler un-
stressed testing is sufficient. Tests with the
thermal _,._uatie_ m different locations rela-

t;ve to the pres;ure wall show a significant
correlation in damage and insulation Ioc& :on
for particles imoactir,_ at high energy levels.
In comparable tests, the insulation located

near the pressure wall caused considerably
more damage to the wall than insulation lo-
cated near the bumper. The implica1:nns of

this test result on actual design of the hard-
ware is still under study

iV. SUPPORT CONTRACTOR EFFORTS AT.
MAB=,_d._.L_P..ACE FLIGHT CENTER

In addition to the efforts _f MSFC and Boe-

ing personnel, a number of support contractors
have made significant contribu'.ions to the
understanding of meteoroid/debris impa_,t phe..
nome_a _'el3ting to Space Station Freedom
WP01 elements. Their technical input has had

a direct bearing on the subsequent developme,_t
of protection requirements for h_oitability
moduies

U.S. ARMY CORPS OF ENGINEERS

Since 1985, the Advanced Techr, ology Sec-
tion of the IJ.S. Army Corps of Engineers
(US,_CO£!, in Huntsville ha._ assisted MSFC ;n

performing computer hydrocode analysis of hy-
pervelocity impact phenomena associated with
Space Station Freedom habitability module
str_,;tu_es. The primary tool LJsed by Dr. Bob
Becker and Mr. John Tipton in tnis research has

been the HULL computer code, version 120.2,
coupled with the MSFC Cray Y.MP Supercom-
puter. ]his finite difference numerical code,

originally created for use by tne U.S. Ai: Force
in 1971, has been u;ed to model hyperve_ocity

impact of space debris inte a wide va._ety of
structural and m_.terial configurations includ-
ing windows, walls, hatches, etc.

The _.=:lvantages of this loci include the

capability to model a broader range of hyper-
velocity mpact conditions _'vel_cit,'. perletra-

tot s_ze, etc.) than current testing will allow,
and at lower cost per run than comparable
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te:;ts. However, this numerical code has shown

a number of limitations i'_ its application and

accuracy. With the HULL code, it is difficult to

model materials requirlng a fine r,_esh size,

suc,1 as composites, and part!cularly tahiti-

layer insulation (MLI_. which has been base-
lined as a thermal protection material for :he
Freedom Station walls. In addition, the accu-

racy of r, ms above 10 km/sec is questionable

because of the inab;:ity to verify with test re-

sults the material equations of state utilized
in this code at these v,_locities. _ince the

majority of man-made space debris is expected
to impact the Space Station structure at ve-

locities averaging ore- 10 km/sec, this limi-

tation is an important consiaeration.

One of the major findings of this researrh

has been the difference in impact dynamics

between pa-dcles of d;ffsrin_, shapes but equa!

mass. Since the NASA meteoroid and space de-
bris rr_del has not been c_efined in terms c;

particle shape, space debris has 'mtil nov, been

modelled primariiy as a sphere of a given mass

and density. Figure 3 shows _he pictorial re-

sult frcm a typical NULL code run modelling a

0.5 cm spherical aluminum particle versus the

basglined Freedom Station wall design--no

penetration of the _all is observed. However,

the hydrocode model depicted in Figure 4

clearly shows that a 2 length-to-diame:er ra-

tio cyl',nder of equal mas_ will penetrate this

design. Figure 5 highlights another extremely

useful aspect of hydrocode mode!ling--the ca-

pability to verify possible "fixes" to the

structural de_ gq prior to lengthj testing. As

shown, sp;ittinc, the sincjle bumper into _ dou-

ble bumper defeats this cylindrical particle

within the same weight and _pa_ing budget as

the original design. Additic_,al work in this

impurtant area 7.; underway in FY 1990.

SCLEI'_CE APPLICATIONS tNTERNA_

Since 1987, Mr. Robert A. Mog of Science

Applicahon._ International Corporabon (SAIC)

has provided MSFC insights into Space Station

Freedom meteoroid/debris protection through

the use of op'imization techniques, engineering
mooels, and parametric analyses. Primarily

through th,_ use of geometric programrnin._l

methods, Mr. Mog has id_;ntified structure! de-

sign t,adeoffs that are not achievable throug[

ditec_ ohysical s:,mul?,tion techn,ques due to
cost, time, and other constraint._.

In the.(,e analyses, a number of hyperveloc-

ity p_ne/ration equations (including Nysmith,

Madgen, Wilkinson, Burch, Boeing, PEN4, and

Richardson) were useo to predict minimum

_, 7o
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weight structural configurations that prevent
penetration of a specified range of particle
sizes and velocities {3). Structural configura-
tion parameters examined to date have in-
cluded bumper and wall spacings, thicknesses,
and number. Specific alloys of aluminum, tita-
n{_m, titanium, steel, and Inconel have been

examined, as well as graphite, aramid, and
metal matrix composites. However, because

most of the penetration equations used in this
study are based upon the use of aluminum ma-
terials, more confidence is centered around re-
sul[s in this area.

Both general and specific conclusions about
the optimal module structure design for mete-
oroid/debris protection were drawn from this
study. General conclusions included detailed
tradeoffs between module weight and struc-
tural config,,ration parameters--Figure 6 is a
example of this general type of trend

prediction (1). Other general conclusions re-
lated structural weight to such mission pa-
rameters as altitude, duration, and orbital de-

livery dates. Specific conclusions centered for
the most part around material choices for
bumpe, and wall. For the baseline case, 2000
series aluminums were recommended to MSFC

as primary wall material candidates, and Ti-

13V-11Cr-3AI alloy or 6061 aluminum as the

recommended bumper material--with a strong
recommendation to examine Qraphite-alumi_um
and grapi_ite composite materials as welt (2)
Work _S continuing in this area.

UNIVERSITY OF ALABAMA IN HUNTSVILLE

Since 1988, Dr. Bill Schonberg of the Uni-

versity of Alabama in Huntsville (UAH) has
been involved in the collection and analysis of
data from past hypervelocity impact tests at

the MSFC light gas gun facility. A series of ta-
bles and charts has been compiled summarizing
the orbital debris impact testing performed to
date at MSFC since 1985. This database con-

tains a detailed summary of test parameters

and results for 540 impact test firings against
aluminum, glass, steel, and other targets of
interest to the module structure designer (6).

In addition, Dr. Schonberg has made a study
of the effect of hypervelocity impact on dual-
wall structures with composite and ceramic

bumper plates, as well as the hypervelocity
impact response of spacecraft window materi-
als. The analyses performed in the former

study indicates that the extent of damage to
dual wall composite and ceramic structures
can be written as a function of the geometric

and material properties of the pro-

Minimum CMC Weight vs. Bumper/WaU Separation
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]ectde.'structure system, sLmilar to those cur-

rent',y used for" aluminum bumper/wall sys-

tems Dr. Schonberg concluded in thts research

that whde the Kevlar, graphite/rpoxy, and

a',..mma bumper panels tested and analyzed _n

th_s study offered no advantage over equivalent

606_-T6 aluminum bumpers _n reducing the

threat of penetration, the Kevlar and

gra0hite,'epoxy materials caused the creatfon

of less secondary ejecta after impact (5). The

spacecraft window material study found

tr_pie-pane glass window systems to be rather

resilient under hypervelocity impact Ioadings

as compared to Lexgard window panels, which

showed high levels of internal penetration and

rear side spall .!amage as a result of tmpact

(4). Additional work in this area is planned for
FY 1990.

_UBURN SPACE POWER INSTITUTE

The Space Power Institute (SPI) of Auburn

University began two efforts began two efforts

under Dr. Raymond Askew in 1988 to support

tests on proposed Space Station Freedom _,,_-

teoroid/debris protection structures. Through

a research grant from MSFC, SPI has con-

structed a hypervelocity explosive foi!/raii

gun which has demonstrated velocities in ex-

cess of 10 km/sec for microgram penetrators.

This facility will be used to test for the im-

pact effects of large numbers of small parti-
cles, such as paint flakes, on the surfaces of

wtndows, solar arrays, and other c-itical ex-

ternai components of the Freed(:m qtation. It

is hoped also hoped that this facility wil!

eventually reach output velocities of 15
km'se¢. This would allow verification of HULL

code simulations in this hypervelocity regime.

In a second supporting role, the SPI made a

study quantifying the sn_all increase in output

velocity of the current MSFC light gas gun pos-

sible through the addition of a third stage.

UNIVERSITY OF ALABAMA IN TUSCALOOSA

Dr. Bill Rule of the University of Alabama in

Tuscaloosa (UAT) began an effort in 1989 to

predict the protective capability and damage
tolerance of MLI from meteoroid and debris im-

pacts In this effort. Dr. Rule will develop em-

p_ncai equations to predict MLI damage from

e_am,,_atLon of the MSFC database, gather data

on and attempt to predict the emissiv-

dy,absorptw_ty o! damaged MLI, and attempt

to ouantffy the thermal and radiation enwron-

me,_t resulting ins{de the Freedom Station

hab,tat_or_ modules from damaged MLI.

V_,_ ._QNCLUSION

In developing the shielding design for the

habitable modules, an integrated approach was

taken. The shielding technoiogy available is not

yet sufficiently developed in this area to gwe

a 'j!i range cf dessgn flexibility. The design

methods depend to a large extent on empirical

data This data can be applied only to designs

similar iq configuration to those tested. Radi-

cal changes in protection configuration require

more testing and greater reliance on analysis

procedures available.

The approach taken in this joint effort was
to use expert;se in the areas where it existed

to work on selected parts of the designs, and

then integrate the results into a final design.

Anticipatsd changes in the debris environment

definition and requirements will require

rescoping the tests and a,-alysis requ;red to
develop a protection system. The intention of

this program is to design an efficient protec-
tion system that will provide a safe envi-

ronment for the astronauts, scientist, engi-

neers, technicians, and others that w;ll spend

their time in the modules and nodes doing ex-

periments and maintaining the station.
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SHIELDING FOR COLUMBUS

H.K. IX)

European Space Agency, ESTEC,

Noor_wl _k, The Betherlands

_)8tr_ct

The increasing threat fr_ space debris calls

f_r the implementation of ahieldzng for

menned and long-life upace vehicles, like

COLUMBUS. The shield system cannot be

designed to provide absolute protection and

will, therefore, retriEs in-orbit malnte-

_ce, re_Ir and replac_nt during its

operational lifetime. This paper discumees

the design c_siderations for the COLt_IBUS

shielding concept. The protection of the

COLtUiBU$ elements presently being d_eloped

is presented.

_ntroduction

COLt_BU$ c_sistB of t_ main space el_nts,

i.e. the Attached Pressurised Modul_ (APM)

end the Man-Tended Free-Flyer (MTFF) which

will co-orbit with the International Space

S_tion.

Earlier shield designs have concentrated on

providing sufficient protecti_ capability

for small and short-lifetime spac_rsft. The

increase in debris popu;atlon, in con_unctlon

with the advent of large _nned _pace ve-

hicles with l':_g operatio_l lifetiaes means

t_t these conventional protection methods

can no longer be applled. The mass of such e

shield wou?d be _ery high. Also, the design

approach _n the past was that it should

sufficient tc protec_ uhe spacecraft against

the largest diameter expected within the

all--able risk. The 5pacelab prot_ztlon

requirement was to prevent _netration with

uhe probability of 0.95 in I0 years. No

shielding wa£ required as a result of the

analys_s.

Pu_ronau¢_, In( All n|hts r¢,,i<'r_

Because of the larger mize of the Columbus

elamontm and the longer operational life-

times, several failure modes are possible

(see Table i), so that inspection, rc_ir _nd

replaceable procedures are required to

prevent ma_or catast_ophies. The _piric_

equations needed for the derivation of _he

shield design require Improvements. Numerical

simulation methods for analysis of impacts of

particles at vel(,zities above 10 _/s need to

validated and improwenonts s_m to be

necessary. In attainting to arrive at an

acceptable design to prot_t against

meteoroid and debris impacts, m risk

assessl_nt newlywed to _ performed. A n_

method of risk eSielmnt has b4_ITL develo.-_d

at ZSTEC which will be used for all future

ESA spacecraft risk analyses. In this paper,

the protection of both the APM and the ._TFF

will be discussed. The technology programmes

for the meteoroid and debris Impact aspects

wl]l also De reported. These technology

studies are being performed under ESA con-

tract.

R_ir_,_ts and dlmcussion

The subsystem _ulrmnti for the shleldln_

are as _o11_.I:

- The Pressurized M_'-dules, including

scientific a/flock, vlewpor_s and docking/

berthing mechanism as ass shall have a

mi_?imum probability of 0.995 of experi-

encing no failure due to _teOroid/debris

Impec-t that _u!d endanger the crew cr

module survivability and its return to

nOmzn_i operation for its initial I0 years

of operation in orbit.

- For the MTFP-PM, the crew survivaDillty

requlre_en_s applles to the man-tended

periods.

The scientific alrlock and vlewport are not
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part uf the present investigation for the

Pressurized Modules.

- The Pressurized Module_ shall have

a minimum probability of 0._95 of experi-

encing no leak over & one-y_ar period.

- £ach _tem other than encloses vol_e

structures, which are suDJected tu the

meteorold/debrls environment shall be

designed %0 withstand the environment

without loss or m_Jor degradation of

operatlonal capability to a minimum of

0.995 over a one-year period.

This last requxrement has been applied for

the analysis and eval_ation of the impacts

effects on the MTFF-PM Hybrid Radiators.
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Tabl_ 1 Principle Module Wail Damage

The mlcr_meteoroid and debris environment are

defzned in Reference 2.

The impacts of _teoroids and debris can

damage the pressurized shell and may oz- may

not cause puncturing (Fig. i) 3 . The cumula-

tive effects of dlrect and ricochet impacts

could cause damage propagation, leading to

puncturing or severe spa llation after a

23

further Impac=. As a consequence, "ccnt-.lled

leakage" can occur, whereby the crew do not

need to evacuate the damaged module immedi-

ately, as would be the case for an "uncon-

trolled leakage'. Rupture has to be avoided,

given the requirement of crew and space

element suz-vivability. Puncture with severe

spallatlon can lead to crew injury or loss of

life, Dut also to loss of critlcal compo-
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nents. The damage or failuce uodes are

characterised in Table 14. Damage modes I and

.TI are not critical it all. The probability

of mululple i_pacts in a small region of the

bumper shield is very s_ll and could be

considered negligible. Direct impacts and

ricochet impacts can become important for the

intermediate shield or preesuri,ed wall 'Fig.

2). It _an lead to c_mulative damage to the

pressurised _all (damage _e I;I ard V) and

the MLI (dalage mode SII). Holes in the ;(LI

Ilgl.t cause heat l_aks dnd will reduce the

thermal performmance of the laboratories.
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Table 2 Module Irm_ectf,.on ¢nd Repair Activities

Th_ can alio c4|us| co_lensatlon Ins£de t.he

laboratorleI, which could lNd to corEoiio_

of _he module's wall or to problems with

electrical equipment located near to such a

heat leak. Damage modes III and VIII nUst be

avoided at all co#is. The _east, reI to prevent

or to l_pro_e certain critical ss_Es of the

design are shown in Table 24 . Add-on shield-

ing in orbit becomes /_ortant with the

uncertainty in the £ncreaIe in the number of

debTiI particles. Inspection Iethods for the

identification and characterization of Impact

damage are being Investlgai:ed 5 . It II i_!_ort-

ant to _nderitand how important creck-tlq)e

dalage in terms of classlc|l), fracture control

el. L.llrqet IcaIol of (ia;isge nee_ to be

characte_!zed for decision for repair on the

beIiI of fracture control _thods. Otherwise

the inspect, ion of the module wall would be

t_ c=rIol_. Table 2 ino_; the ty_ OZ

repair r_uired for certain dal_n_'. _es.

A re$_Ir _tch (Fig. 3) _as beer inweetJga_ed

by Aeritali_ for re1_airing da_ge,1 ._s _p

re 30 _ dlametez 7. _he orlgi_al _II cur_a-

t_uce Dm_ to be restored umln_ a proper

bending tool, _h_ d_god ez'am 8_ot_ed and

iherp edeem rou_ed to avo_.d peek st=uses.
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Fig. 3 Repair Pat h Crc_s Section

The protective layer is then peeled off and

the patch bonded onto th_ hole. To prevent

puncture of the alumin_a foil by the edges of

the hole, mort and J_ard foams are used. A

concep_ for a design logic is she_m in Figure

4. The derived of the shield is based on

empirical equations. The empt:Jcal eguation_

do not see_ to be valid for l_:ger

_ ,rticles II. A new, study should further

znvestlgat_ the vaiidicy of these equations

and eventually Improve them_ Thia has to be

performed with test £or veiocitl_m up to

about i0 kmls and with numerical simulation

analysis for velocities above I0 km/s. The

numerical simulation methods _till have

difficulty in characterizing the fragFmen-

tation. Se--eral _eper_ _tat_ that these Lave

_een solved _atlsfactori!y but fur'ther

investicatio_s are required 8. It i_ Lm[x;rtant

that the debris cloud is ctaracterisec

"correctly _, perhaps by _tatistical _eans if

necessary.

The distribution of the different sizes at

solid _r_gments, liquid droplets and gaseous

formation in a debzis cloud have to be

defined. Otherwise the impact on a subsequent

intermediata shield and ._)dule wall will rot

be simulated accurately. The mathematical

formulation of the material properties in the

liquid and gaseous state has to be reviewed.

A study for the _nv_stigation of the capabil-

ities of a hydrocc_? deve]ope_ _i ES_ has

9ust been placed.
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Design con.-:ept

The present shield configuration for the

COLUMBUS elenents is based on a double bumps_

concept (Fig. i). For analysis pu_i>oees It is

considered to be a single bumper as the

results are felt to be conservative anyway.

For the MLI damage analysis, the double

shield is idealised as a bumper shle_d

(front) and back-up wall (inte_1_ediate

shield).

The equations used for the analysis [_ee Fig.

2) areg:

tb = (Pm - ts)k for o<v<6 kn/s

- ' for v>6 k_/s
t b C _/sp

where Po i_ depth of penetration in a eem/-

f_ni_e ta" ,e_, k is a factor for the crtterla

of spall_tion, no secondary e_ecta, no

perforation. C is a criterSa of damage, _ £s

the mass, v is the velocity, and Sp is the

spacing. For further details refer to

reference %.

A computer progr_mm to derive the probabil-

ity of damage _or cerraln a deslgn whlch

includes the meteorold and debris environment

on the b_sis of empirical formula. _iJLLla_ to

reference is belng developed by MATHA. The

application of other materials like kevlar

_n_ - "_era_cs ze now being studied by ER_O,

and an atteapt Is also being made to improve

the empirlcal equatlons.

The APM and MTFF shield configuration are

shown in Table 3.

The result of the analysis is given In Table

4.

The ma_or requlrement| are met with the

prement design. Th_ effect of having 8 MI, I

damage incidents per year on the funcrlonal-

Sty of _l_e therlal control and _epalr activi-

ties has not yet been assessed. The heat

exchange_ needs some shielding, otherwise Is

will not Beet the requirement of no degrada-

tion. The associated mass Increase i? 27._

k_.

APM

I
A_M

MiX

Meet

PIpe

He_.t

exch

MLI

Area t b t s Sp

[e'3 I") {"1 _cu)

126. 3.2 13.6 12

2.2 28. 1.6 12.

26.S 7. 1.6 12.

7.1 20. 1.6 12.

14.6 _. I. 60.

3, 7. I. 60.

.4 3, _ . 126

23. 4. I • 60.

4.8 7. 1. 60.

7.2 2,5 l. 30,

162.2 0.8 0.8 6.

56.1 1. O. O.

44. 3.2 1.5 12.

11.2 3.2 4,5 12.

4.9 3.2 7.5 12.

_.5 3.2 10.5 12.

1.1 28. 1.5 12.

14.4 7. 1.5 12.

4.2 _0. 1.5 12.

22.2 4. I. 60.

4.7 7. 1. 60.

5.1 3. 1. 60.

3. 5.5 0. 0.

13.2 4. 1. 6_.

2.8 ?. 1. 60.

4.9 3. 1. 1.1

3.5 4.5 2.5 0.8

4.4 2.5 0. 0.

64. 0.5 1.0 b.

11.2 0.5 4.0 6.

4.9 0.5 7.0 6.

3.5 0.5 I0 6.

48. :. O. O.

description-

cyl skin

cyl r£b

cyl+r£ng frame

ring

fvd cone skin

fvd cone frame

O/S flange

aft cone akLr,

eft cone frame

bulkhead

double b,'mper

mingle bumt_er

cyl akin

cyl skin HP

cyl mk£n l_

cyl skin HP + HX

cyl rib

cyl+rlng frame

_Ing

_vd cone skin

fvd cone skln

D/B flange

D/B hatch

aft cone skin

aft cone skin

HP core

double bumper

double bu_per HP

double b_mmpe_ HK

double bumper

_P + 14%

sl:+gle b_mpe_

Table 3 APM and MTFF mhlelding configuration
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Eleaent

i

APM

MTFF

Damage cases

- Fast de-

compression

- no leakage

- MLI damage

-- Fast de-

compression

- _o leakage

- KLI damage

- Heat-_ipe

perforation

- Meat ex-

changer

- Modified

Meat ex-

change_

with a

shield-

lng

Probability of no

occurE_nce

0.9959 over i0 years

0.9966 over i year

7.934 times per year

0.9967 over i0 years

0.9951 over i year

6.78 times p_r year

0.9995 over l year

0.99 over 1 year

0.9951 over 1 year

Table 4 Results of/effect of impacts

on APM and MTFF

Risk asseesment

Since the shielding does not provide absolute

protection, a certain risk Is still involved.

The risk is defined as "a mess :re of the

magnitude of threat to aafsty'. The residual

risk is deterltined by a risk analysis. This

analysis, in general, requires ti.a

characterisation of the hazaraou8 events, its

qualitatlve/quantltatlve modelling,

identification of the available data. The

sumrlatlon of the risk is then submitted to

management. By the implementation of a'

ca_tion and warning s)_tem, the crew can L_

alerted of e threat to life in the case of

excessive leak, fire etc.

The ac:eptability of risk is often compared

to the acceptability of risk in public_ e._.

that the risk of loss of life An orbit should

not be higher than the accident rate far

genexal population. For COLUMBUS, the

rellabzlity is defined as "no failure s,ould

endanger the crew, and module survivability

with a minimum probability of 0.995 in

initial 10 years 9f operation in orbit'.

Penevot_- of
mock_ew_th
fotol effects

_(ro_ l

_ fot_,_ |
IWeslw_ droO l
>i5o _/_ J

ond

i

ot

LO_s of I;fe I

due to ,e_l_ J
hozo0"d;n_lleOr o0d_

d_-_, .l

}-;---

]
l

+ I" .

P'_'"°'*' 1 i

Y

I N_n-i_m.elrotkw,

of i,ao4ule _

effects

I FO_4 o f fe_t_ l
fr _ IL_m_tra_:_

,of module with

Idow pr emlue'o

_r_ <15o '_/"_'_ l

+
_'atol h,t I Fot_l et_ect_

of crew by } _rae. f_re

pa_bck)/ rokms_d to_.

i-by EVA ,._h

fot_ I

e_rclpme_l

stow _we_a_r e

eo_ _____ __2

Fig. 5 Risk Assessment Logic
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In the classical risk asseasaen_, a dete_L-

native quali:ative analysis i_ usod. The

non-dare.native _an:L_atlve/qualltative

analysis h_s not often sen ,_sed in the

traditional =pproech. By performing ar

analysis with several alternative designs or

design improvements, th_ risk l_ivolvod of the

different deslg_s can be compared and

assessed. It is als_ important to understand

whether the _ata used is sensitive, l_is

might influence the re,_ults IVrongly.

Especially _f the data le determine_ by a

_alitative _udgeaert.

An example of a risk assessment loqlc is

shown in Figure 53 .

_onclu_lon

Empirical equations for the anaIyslo of a

shield against particle impact are inaccurate

_or large particles.

Numerical simulation _ep_nds strongly on the

characterization of the debris cloud,

fra_F--_ntation end na_eriel modelling which

n_od to be invlst£gated and to be further

Im_roved.

The uncertainty about the debris envlronment0

calls for the posslbil_y of increasing the

protection capabillty in orbit, maintenance

and logistics procedures need to be involved.

Risk assessment _hould be performed especial-

ly for meteoroid end debris impact to assess

the residual risk ir_erent in the selecte_

desi_.
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SHIE_IN_ C_NSID_ATICNS FOE

K. _t_aki, E. HMhimuto ard K.

To_, J_

Abstract

Jap.nese Exper/ment Nodule (J_4) wil/ be
_ttached _, Space Station Freedu., SSF, as a pert
of the _ manned base. _J_ progn_ d_gn
zests zsquires b_e =_le su_cu=e to
p_ct the c_ew and s_ Lmside the po_sur-
i_ed module from n_K=oids end debris. Natic_

Develop_nt k_mcy of Ja_n, _, ut/-

sh_d-d_=ge _ _d _tlo.al simula-
tion to in.estigate t)._,Jl_ s=_cture design
•oluti_. An e_nt emplorl.g a
_aium llght _as gun w_s _ to
h__,.,_'_r.i_ h,Lmcts, and rssult _as c_4;_r_d
with o0mputation_ ,_--._ z_'.t during the
_a_7 ,_,_, design _s_ stsrU_ abouE 4
_srs ago. _rere w_s relatlL_ly h_h c_rt_lat/ons
ha_w_en the result of the impsct test u'_ that of
the s_,,,l_t4_. _e _ end oomputat£_l
s_a_ce wLU be _ in _r _
Xocit7 _jions in _he _ test phase

in March 1990. _ _ si_"_tm_ will be

d_igned bssed -IL_nthw_ _sults and _tion
with Intm_a_ _ on the b-mL_r dW_ig_.

_oef_ of t_l _mt_. d_pth

E J.m:ema/ _erqy
EO Lntemal _ at O_F

K_ a_t£ic.i_ of _m,t _ _e_ti_
Mp p_o_ecti_ ,ass
p pressure

TI f_nt pla_ _:hickness
V volume
v0 _lu_e at O°F
vi _ec_tle velour7

s_o_tn _ate
. V0/V

p dm_£ty o_ the T_I/o_on equation
ep projectile density
_ sheet d_mltT
od d_ m=ms

es static st:_

All spacecraft including J_ will be.. threat-
ened by _i_ and _ which _ at
h/ghspeedsand ca,_melossofJm_ _s
_llas flight crew. _ i_ec_s are b_-
lleved to occur at buyer v_locitle_._/Ing up
to 20km/s. Because of hyperv_loclty, _o_old
impacts were,:-_lievedto be cure serious t/_n the

of deb_s. However_ this bel/ef has c_ng-
ed. Debris ,ith v_Icrlties f_ 2 to 16 k_/s will

olds since the amount of debris has ira=eased
_cmlRy.

_e SSF prog_m _s o_oemed about the
thz_et of ,_om_ and _exis t_ects and has

"._1 Sp_oe Station _ me_s_ SS_,
ir_lu_g the vie_,g ports, _ be tolerant of
d_e _ i_ct b_ bot_ mCeom_s and s_
debris." and "It should be note_ that _e debri_

_t _ _ as _ activities a_
perf_-_ in spe_ _d therefore all des_
s_U n_/_e th_ _pe_ed _se _ the

t_x_h desi_ _bi_t_."

SSF w._ll:_uver on _rblt to e_oid track-

J_ win _ u_ b_r _b_ _o pro_ct
against relauiv_ly stall m_Ls (less u_n 1 o_
in _) but s*--illcapab_ of hitting _ at
_ry. _ diameter of 1.5 cm end the
_locity of i_ _/s aluml__m are _ to be
the debris condJtio.s for the stru_tm_ design.

is oazz_t.ly _ to T_o_ do_le-

efficient than a alnglo-&bo_t b_m_or, In the d'I)(
b__.
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General C_ept of Bu.rer Des£_ A_m_h

_:' _msists of zests, analysis and the uu_bl-
.a_ion ther_f. _e g_eral _ for the
_nt J_ ba4pez _ _cn is shown in
Fig. 3. Veu_roM end debris emvizummt as well
_.,3 _-./eldi.ng _ts for t_e _ _o_le
sh_.id be specifie_ ci_srly to facilitate design
activities of S_F partners.

In order t,_, _ the g_enurena of
hyperv_..it7 ._,-_cts, impact te_'cs e_lo__.ng
la_ device muse be _ as often as
possible with varying pa=metem such as projec-
tile velocity, _ight, bumper materials and
g_=y. _e NAS_ La_ including plans _e

in F_g. 4 in relmti_ to projectile velc_-
ties m,_ wei_ts. _ty tests and s/mu-
la_luns were _ in the 3 to 4_,/s ve!ocitT.
ze_i_ with 0.45 to 1.8 gr smiles in the pz_Lim-
inary s3mc_ design phase. Ccmp_ati.or, al sinula-
tigris t_ir_ p_zsi_s In_mati_ml _Itl-Spaclal
Codes for E,gin__ring and Sc/en_, PISCES, o_e
with the _ o=_tituti_e equatinn for

al+_ w_re ru_ _ and 'eomj[_ w_h__t .

data only t_ ,:._'.timely-lo_r __iucity z_n.

_ hssler _'tile at
v___ocity.A _ _ gas _m _ of
firing a l.Sg projectile at a v_A_ait-'y' of _/s
will be _ as an intemediate s_p. _e
cu_u_ si--,_ is run far the same
l_uqx_e_ u in the __ test ph_e.
p_m _ Osve..lc,p a plmmm gun or sha_d-.d_=_

tests at _ __l_:4ttes and with heavier
projectiles. Based c, the test data and the
analysls, the _ti_,al si_tln_. ,_J_x_1o-
gy wil/ be_ esuabllsh_ for _aly_/ng Im_ect

'n-,e _ a_ de_-_ shielni_ a_'oa_
and design ace _ired to be _mm_n toall ele-
n_ts _ meteorold_ and de=is thr_ten

c_ safety and SS_ survlvahilityo At
least, o_erau_n _ E__ in _hie_d-
ing _, design, mm_cU=_, _ w=_ic_tion
Is cn_ta! in achieving _ and _ efficient
_t.

Preliminar_ . _-_ _Test

4.6 k_gs and 1.8 g pro_ at 2.3 k_/l. _e

?lash X-my _ tm_ taJam to obam_ and
tim pro_ectile l_met_Clnn and J_cc

ad0pts ths double-emt concept, _s__n
Pig. 6. _ f_t and x_r _ platms
Sel_Cated by a constant _ of 170 mm and
datemU_ b_ o0ns_e_r_ t_ STS m_p _.

% , ............

a!u_ i=o_ct_ (smm m and d/mm_ M
p___ _;_LL_,) _ _

b,mp_r at _cy. _ _'-'7 of pol_r-
bonate pr_JectLles _as varied from 2.3 km/s to 4
.k_m and the _ from 0.45 g to 0.55 g.
Similarly, %_e v_mcity of aluminum pro_ect/les
_s varied fr_n 3 km/s to 4.6 km/s and the weight
fzu_ 0.45 g to 1.8 g.

Test with I_l_=h mate Pro_t//e

Aluminum alloy plates (A2024-T4, A5052 and
A1050) _th thicknesses of 4 -_, 5 mm and I0 mm
plates _ used as the front b.mp_r plate.

_e frac_re mode. co_rdL_ to t_sLle
and plate thlukne_ _ _y
at varlous _loclt_es. _e front and

beck hole si_ in _ b,--perpla_e _as f_d to
i.c_se with L_essed _aoclty. _e f_t I_)_

dlftez_mo_ bet:we,_ fzont mr,d back sides o_
p_te is cj_ter _un the th/c:k_r plate. _-e plate
mewS. of A2024-_, a _ tanmile
plate, had a laxger hole on bcth al=_s of the
pla_e. A smml/er back DKILe_ms creaZed i_ the
_hlck_ plate. _e h_le dla_m_ _e _
_c_i.'mt ve_bx:It',Z f_ va_om UUcknem_ o."
_um.i.m= ahoy p_u_s. 'me p_t for the f_0nt
s.b:_ of _ )]J_t_ .is s,how_ In 1_I:J.7, and that
for._he back aide of _ plate is _n in Fig.
8.

_e _ m=k_ of fx_ pla_ aze --_

always observE1 in plate _ tl,an 10 mm -w_ch
sat.tsfi_ the followL_ EMati_(1):

Front Plate 'l_.t_ (1)

_e _ penetration de_h fc¢ the plyoar-.
bon_t_, pco_ctlle is _ by the foll_ng
.eT_ticn(2):

TI+P2_ Mp0-24 Vi0-31 T10.51 (2)

mssoc_a_K1 with O_e poiy_ar-
b_ate p_o_ecttle wu I.i_a_ily plas'tic because
it has _ti_.ly low _ hnpm:]ar,ce.

L_ tests simUar t_ _ poll_u_x_te l_-
JecCite tern, _ _ l_t-s (Moso,
A5052 and A2024-4q) with rJ_lcknlam of 4 ram, 5
---and 10 mmm ,mid as tim _ Ix_r plate.

pco_ o=m m_ of M050 ms

platas vith _ of 4 ms, 5 mand 10 =m
w_re used u tba f_nt platm.

Stnz:ly of t,he fx_--'un_ mo-_,, _svmaled char.
b:ac--'o='_ ok:ramnoC oocn=' in _ _ tm_1.1_

m=m_gth als,mf.mm alloya _ am A!O_ _ :_50_.4.

mpall frsc_ur_ as _T_x_ed in _he _ _f poly-



_e following _ were _ in the
front plate and r_ar plate with rest_ to _he
frunt plate thickness. _e _Jectile p_etrates
the thin front plate and _y tl_ rear
plate w_ _ seriously._ fracu=_

with the thick _t plate, and _sid-
erable d_mge _ in the. rear pla_:. Both
proJectil_ .rid fra,t plate _ mal'_ with the
In_,-_4Ate or oFc_mum thickness _f the front
plate. _ere/_-e, the dam_ to the mar plate
_s_. _ tt_s e_sts an o_.im=_ _
pL_ thi_nes_ _ will _ r_r plate

_ _ was u_eor_tcaily
a,aIyzed =_m_ that the fractur_ mode of
malti_ w£11 minimize the dm._. _he i_.Itlng
cm_/_ of a _ pmJ_-tile can be e_ressed
by the followi_ e_ati_ (3) a_di, g u) C_r-
Palais 3.

o .,.--- m (3)
d

_e _ficiec_ K1 is a function of shock

i_, m_Iting point and beat of ftr;ion of
the proJ_-tile. K1 was _r_tm_ fru, the test
results _ in Fig. 10. _he malting c_ditinns
of the _nt plate _m be a_,-_ by. the fol-
I_ _quatinn(4). Similar to KI, coeff_a=i_t K2
_s determined from the test r_sult_ in F._. 11.

--ul_2

d
(4)

_e front plate malting umwlttions at dlf-
f_nt v_:Itles = _e calculated _ a_iyh-_
_ e_c_n ma_c_ _. _ased on these
m_la_, r,_e opt_m_ n_Ickn_ of
b_per plate c,_ be o_adnsd far valocities of
la_ than 3 km/s.

_Xm_.-%atlaml SlmulatAnn

Bumper (A2024-T4;

C_n._ta_ siw/ation _s perf(=_e_ using
the Eu/erian coordinate system and applying the
Tillo_u_n cc_sti_m_ti_

P - #E# * _

il|ei Sol

equa_cn (7) as s_

-- * l_el_{-,I (I/VI-I)}},

ese(- e (rive-i) s ) (7)

_here a, b, A, B, _ "and _ are c_nstant

cosffici_ts _ on m_ta_-b_ and hnpsct
ve/oci_y. T_e_e cr_ffici_rs _ deta_m_d to

be a=0.5, b=1.63, A=0.752 me_abars, B=0.65 msga-
bars, == 5, and_ - 5.

_vtx:nts:l by Mescali_ : "D_ fracUn_ is _
by _ and the fract_m_ Limit _ on its

static p_essu_ le_.ts are _ _n fracnn_
curditions whets theae lem.ls an_ descrLb_ fr_
snmss _ _, _ t_Lle tests includ-

_g. t_e _ of straln =ate a,d t_r_-
ture. _p_l/ _ is mgatted as httinttes/mal
Sl=a/n fracun'e. _ m=re_ o_, _ I_,
plate impact tests, _ _ as f_ct,_ stress
for the case of no L'_lLt/al stra_.
(rrdirions are sh_m In FI_. 13 and Fi_. 146. In
adui_ to these cu_ditluns, _he m_ltlng of each
materlal is also m_jam_ as _.

_e computational s_ulation zesult is shuwn
Ln Fig. 15. At 0.7019 _Lcmaeconds f_m, :Lmp.ct,
_elttng of a plate is _ c. ehe _ slde
of the.pLate and a pm:}ec_le _ses a _rat_r. At
1.111 _i_, spsll oocurs nssr the back
side. Henoe, fn_-Ums _odu az_ _ and ._lt-
lng. _meave the _eM t_e sho_n ln_e
2. _e hole die_ster tn th_ _t is the e_e as

with the test ruult, _ that the

gas gun _=h is _ _o pcovlde 5 )_/s wit.h 1.5
g Fro_ctile. About 100 calm will be

-ith varrn_ the mm_r a.d _o_v.t_

ar_ _own In _a_l_ 3. _ mo-e_cje _ cj_s
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h_v__ _ conacCed for _ da_e bmp_. Se_._r-
a] cunc_us'ons for the "_.4 km/s h,jpacr, tests
drawn fro_ the analysis of impact tect rt_ults.

_ _d_ _ very closely _atod t_ the
t_r_e _c_ and t_ of _be
b_. A high _ns_e _, thick
plate _ii be more eas,_y fra_ than other
c_aracteris_ic piate, _ is an _

plm:e thickness which caus_ the l:zo_ecclle m x:t
_,ro_ plate to _It a_d min_._._ _ lx_

_. "me _m__ s_tion will
an effective _y to analyze the ph_wmmna if
_t_ &ira _"._ as a_pli(mbJ.e o:_F,./ll, ti_
ecluaImi_n and o_fficie_.t _an be _.

_ conducted bnpect test_ _d _

scae Insic_t about c_ uq_cc _,_ a_ vetoc-
Ities _s_c 4 km/s. _z_J_ec s_ c_ bqpact p_cn-

m_ at _ velocities is om,t£mmd t_ d_stgn
_e Om txmper _.

Ln this field, impact phenuaena at _/ocltles
exc_cLi_ 3 km/s are r_t _ _.

feels the neoessity of em_h_r_i_g re_t data and

design omluepts t_m the SS_ partners to

assure the overall spa_ station safety.

Rg. 1 JEM Conflguratl_

* Ilu.t

* .-mm_Imd Mmlmd¢: le_

4.mm_ I_

.**-- m _ *..-,_llm m_

Flg. 2 Clmmctodstlcs
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condition

tl/d

I. 0

O. 8

O. 8

O. 4

O. 2

projectile

A]OSO

ilplICt velocity

Vi = _82 R/See

Fi&_re |Z GoaputsLioaal simulstion condition

Equl vii _e*tt .S_rS I_
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Abstract

An on-gomg program at the NASA Johnson
SI_acc Center Hyperveio.:_ty Impact Research
Laboratory (HIRL) *s to develop shielding material
aJlcrf_Uvcsforspacr,cra_p_tecuon from m_ds
and orbital debris that are an improvement over
conventional two-sheet aluminum "Whipple"
shields. DcveloF'ne.m of advanced shielding ,._slgns
proceeds through a number of tesung and analysis
phases includmg intual screening of candidates.
opu.niz.atio_ and scale-up studies, ballisuc limit
assessme_._, and final design
cenification/qualificauon This .naper briefly
describ,'s results of sh,elding screening and
opumizat_onwork conducted atHIRL. _ucal
:malyses of the expecw, d shiekhng performance of a
variety of metallic, ceramic, and compogil_ bur-, per
materials were used to select a limited numbe_ c_f

candidates for subsequcmhypet_locity impact (HVI)
screening tr...s,..s.In an initial s_nL.s of hypcrvek_ity
impact shots at _ to screen new bumper
ma___aals,several shield, c mdidazes p,'rformed beaer
than r_¢ conventional aluminum "Whipple" shield (a
single aluminum sheet or "bumper" spac_ m front
cf an aluminum rear wit1). Of the bumper materials
and concepts tested, a mul_ shock cJ3ocep_ (Cot_-
Palais and Crews, 1990) and a double-bumper
system consisting of _ aluminum mesh followed
by either a graphi_jepoxy composite or aluminum
sheet were the be.st perforracrs relative W either
single aluminum or double aluminum bumpers.
Development of the mtdt_ shock concept has
procee./.zd further than the a_mmnum mesh c.once_
(Cour-Palais and Ocws, 1990). Thispap_ describes
follow-up impact tests to mvestiga_ and optimize
certain aspects of 0 ." aluminum mesh doub)e-
bumper. The optimizauon studies have not been

* Research_z_onc_, N,LSA/3SC
Member AIAA

comple.le_ but preliminary results show a 30 to gO
percent weight reducUon for the aluminum mesh
double-bumper concept compared to an aluminum
Whipple shield in the velocity range studied. All
impact comparisons have been made with an
aluminum rear wall.SubStitutionof opumizcd back

sheetmaterials(such as laminates,composRcs, or

honeycomb) will likelyresultm furtherweight
reducuons_

Nomenclature

d projectile diamemr, cm
M projecule mass; g
V ptojecnl¢ velocity; i_n/scc
m areal density; g/cm 2
S spacing; cm
t thickness;cm

Y bacX wall yields_a_q;N/m 2

Subs_apu: bl first bumper
b2 second bumper
I mtc, media_ layer
w b_.k wall

Dttroduction

Studies of low-weight }M shielding c.cagzpts __n
the 60's and 70's (Cmsr-Palzis, 1969: Cour-Palais,

!9"_9; Swih and Hopkins, 1970) conm_ted to the
successful application of dual-sh_t aluminum
"Whip¢le" shields m providing p, ou_ion from the

meteoroid envir_ment for Apollo, Skylab, and
other spacecraft programs. Since ttam, the growing
threat bwn ogoiml debris has _ a renewed

emphasi._on development of low-weight shielding
alternatives to =he conventional Whipple shield
aplm3ach. The JSC Hyperveloci_ Impact Research
Latxxmory _) has been involved in research and
development of new, io_v-w¢ight shielding concepts
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since 1983 (Cour-Palats and Crews, 1990;
Chrtsttansen. 1987; Crews and Stump_ 1984). This
paper briefly discusses some of this work. In

parucular, the results of a series of screening tests of
ceramic, metallic, metal matrix, and graphite-
compo_te shielding mate_als are described. Several
candlclatz ma_naJs and shielding concepts have
shown superiol performance relative to the
convenuonal aluminum Whipple shield approach.
Progressm opumizi_g one concept an aluminum
mesh double-bumper system, ts given.

PreleCl,te

1

/

/z , .

• • ::

:" V .,

.. ::

a)Hypervelocityimpactswillgeneram a cloudof

bumper and pro;ec_ debristhatcan containsolid

fragments._Oad. ormpor pan_es.

• gvtqp! i

i / / /' i ! \ \ \
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_P gNLt I_lfa_,illm _ W) t , \ ,.,,_-,.+.,

b) The secomdwall must surviw tke fragments and
impul._w load_$. It could rupture from the

unlm_w loa_ng, or [,,il d_ W spall or perforalwn
from solid fragments.

Fig. 1. Whipple Shield.
¢¢f_r Efer _ Komce_, 1985 7

Conventional Shielding

The conventional approach to protect from
hypervelociiy pas_cle _mpa_ts ts to use ,wo wails
separated by a space (or "standoff') to reduce
shielding weight from that required by a single,
monolithic wall. As shown in Figure l, the
function of the first sheet c,: "bumper" is to break up
the pro_ect/le into a cloud of matena_ containing
both projectile and bumper debris. This cloud
expands while moving across the standoff, resulr, ng
m the un_u_r momentum being dismbuted over a
rode area of the rear wall. The back sheet must then

be thick enough to withstand the blast loadingfrom

the oebns cloud and any solid fragments which
remain. This arrangement is known as the
"Whipple" shield, after the originator (Whipple,
1947). Aluminum alloys are often the malenals of
choice for Whipple shieJd ai_licatio_s (Coenr-Palais,
1979; Cour-Palats and Ayahs, 1988). In some
cases, multiiaye_ insulation (M]..I) is placed between
the bumper and rear wall for thermal control
considerations. General rules and formulas used in

sxzmg a Whipple shield for a given threax particle
have been described elsewhe_ (Cour-Palms, 1979;
Cour-Palais, 1987). To minimize weight, the ratio
of aluminum bumper thickness to aluminum
projectile length should typically be in the range of
0.I to 0.25, and the ratio of sp_ing distance to
projectile length should be 30 or higher, it should
be noted lhat o_ptimum shielding dimensions are
often a function of the geometry of object to be
protected, and simplbqedroles should be applied with
e_UIIOlrL

For n,o_ conaitious, a Whipple shield results in
a significant weight-reduction over a single plate,
which must comen_ with deposition of the projectile

kineticenergy m a very localizedmrea. It Ima bee,n
demonstrated experimentallyat HIRL and cor-
mbormexl elsewhere(Swiftand Hopkins,1970)thata

single aluminum sheet will be over 5 times heavier
than a aluminum dual-wall smactuure for an eecomuer

with an aluminum I_c)ecdle at 7 km/sec. However,
this ratio depends on a number of varmbles including
projectile velocity mul obliquity (impact ,ngle),
projectile and shield size and material properties, and
spacing distmtce. A key factor governing the
performance of spaced shields is the "sine" of the
debris cloud projected from the bumper toward the
back plate. The debris cloud may conlair, sofid,
liquid, or _ pmjecme and lumper numerals,

a combimmou of the three states, depending on
the initial impact pressure. Solid bagmems m the
debris cloud are generally more penetrating when
hey contact the rear wall than liquid or vapor
articles.
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Whipple shields are less effective at low impact
velociues and certain obhque angles because these
a_ the conChuons that generme low impact presstm':
in the projectile and bumper that results in sohd
fragmen_ trnpacting the re,.ax wail. This effect is
illuswate, d in Figure 2 which shows one form of
"balhsuc limit" curves for a generic case of an
alununum parucle xmpacung an aluminum Whipple
shield. Fngure 2 plots the "critical" projectile
dmmeter which fails a given shield syslem as a
function of impact velocity. The most peneu'atmg
projecule occurs for the highest veloclty at which
the projectile deforms but does not fragment upon
impact w_th the bump¢_. This velocity is between 2
and 3 kmlsec for aluminum impacung at a normal
angle on aluminum (Hopkins et al., 1972.
Chnstianse., 1987). As velocity increases beyond
this point, the projectile fragments to a greater
extent and becomes less penetrating to the rear wall.
Therefore, the critical parole diameter increases in
the fragmentation region of the ballistic hmit curve.
An aluminum projectile begins to melt when
shocke_d to impact pressures of 0.65 Mb which is
generaw, d by a normal impact at 5.5 kin/see (Swift,
1982). The critical particle diameter begins to
decrease •gain with increasing velocity after
proJeCtile melting is complete. This occurs for
normal impacts at approximately 7 km/sec (Swift,
1982). The downward trend in the ballistic limit

curve continues through subsequent phase
l_ransformataons, such as inc_pienl_ vaponzatio.': of an
aluminum projectile at 10 kin/see and complete
vaporization at 24 kin/see, because the expansion
velocity of the debris cloud increases with velocity,
thus increasing the momentum loading on the back
plate.

_I_ -I_

i ! r v T i

Fig. 2. Ballistic Limit Curves.
(Representative Impact Respoase fo, _ Aluminum

Whipyle Shields)

Figure 2 glen illusu'aEey how increasing the
tmp_t ang,_ lends to n._,,_ tl_ ballistic h__i: curve
to me nght and up. This means that in certain
velocity r_ges, such as whe_ the projectile begins
_o fragment and melt (3 to 7 kyn/sec for normal

_mpacts), an oblique impact will likely be more
penetrating than a normal lmpack

The Multi*Shock Shield Concept

A new shielding cow_pt under development by
NASA is eke _auhi-shock (MS shzeld originated by
Cour-Palais and Crews (1990). This shield consists

of ultra-thin spaced bumper elements that repeaw_y
shock an impacting projectile. Tile MS shield
concept is illusu'ated in Figure 3. By multiply
shocivng the projectile, the projectile thermal state
will be driven higher than that achieved by the swgle
shock provided by a Whipple shield. In fact, the
extent of projectile melting an,l vaporization that
would be expected at 10 kin/see for • Whipple shield
is azhieved by the MS shield at 6.3 kin/see (Cour-
Palms and Crews, 1990). A MS shield reduces ,.he
low velocity vulnerability characteristic of
conven'.ional Whipple shields. By raising the state
of the projectile, a MS shield will rinse the ballistic
hmit curve (critical diameter to =nude failure versus
v¢loci_) in the projectile fragmentation regK_ (3-7+
tan/see).

MS Ctmcepf _try

Fig. 3. Multi-Shock Shield Concept.
( Co _-P alais and Crews, 1990)

A v_rsmile malerml applied in lbe MS concept is
Ncxtel, • ceramic fabric of polycrysmUine metal
oxide _ (Cour-Palais and Crews, 1990). Nextel
produces very little damaging sex.ondary ejecta
par_le_ The useo_ flexiblefabric_ makes

the MS concept quite adaptable for augmenting the
proration of $1:ace Station equipment.

Eqaatio_ for sizing the elements of the MS
shield me given by C,our-Palais and Crews (1990).
A 30 to 40% reduction in shielding weight compared
to a conve_tional alumin0_ Whipple shield is
possible using the MS shield
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Fta'ther development of the MS shield is planned
to _nvesuga,.e ne-,v matextals that promtse adchnonal
weight savings, and :o experimentally and
anaJyt]cally assess hhe performance of the MS shield
acrc, ss the full range of impact condilions (size,
vehxmy, impazt angle, density) expected on-orbit
from the orbital debris, and me.teorotd enviroament.

Configuration Effects on Shielding

An illastration of alternative HVI shteldmg
concepts m provide protection from a normal impact
of a 1 cm aluminum sphere at I0 kin/see is given in
Figure 4. Three examples are shown: a standard
aluminum Whi-,ple shield with a 11.4 cm spacing, a
Whipple shield with a 30 cm spacing, and the Nextel
MS shield concept, All back wall martials are
assumed Ai 2219-T87. The 11.4 cm (4.5 in.)

spacing is presented for compa_-ative purposes to
show the effect that standoff has on back wall

thick_ess and shielding weights.

_hielding mass estimates are made assuming the
given shielding completely encloses a 4.2 m inside
diam-.ter by 13 m long cylindrical moaule
coufiguralion. The mass estimates show that as the
bumper/wall spacing increases for a sm_cture with

constant inside volume, the aack wall thickness and
mass decreases, but me surface area and mass of the

bumper matenal._ inc_.ases. Thus, a weight
opumum spacing typically exis_ that is dependent
oll the ge_x_e,_ of the object protected

I m

AuaLl_mllla.Lgg_2_

wm_ _OI I _ 05_

_otr I07 _$_ _$_

Fig. 4. Shielding Concepts Comparison

Phase

Table 1. Shielding Development Phases.

Approx.

# of Shots Test Objectives

(1) Mmerials Screening 1-5
cmdidam

(2) _an 30-60 Im
cand_e

O) FulJ-Sr_le Devdopmem 10o+ per

(_) ru_in_ oesW, mqCx_-
1_ _hiekl
app_

(5) Quaafleaaoa 10-20 Pet

appl_lxkm

• Select Superior Shielding Candidates
-Compm,_to A1 Whipple
-Uesca:._ _iogy

*_ .¢"._ieldParm'n¢_
. Perforra S,:ak-Up Suat_

• Dexenmne Balli.gic l..hnits
-Testable VeL Range (1-8+)

-Projectile Density
-Target Vtdafion_

• Update Ballistic Limit Carves
-Design Mcxtificatiom
-M_a-i_lSx_timt;,ons
-i_jectile Sh_ Ea'ecu

• Test on Ballislic Limit Curves
-At 3-4 veloci6m

-At3-4impact an$1m
-At 1-2 pmj_.il¢ shape or ¢kamty

Anal_ytical Tasks

• Predict Shield Perf_
-Prior to Tests (Select be_:

-_p_ ,imp_ m(x_
(1.D Shock. EmIarictL
Figure of M-ri0

• DevelopAnalyticalMod_l_
• A_pb'_x_ sc_ _m

• PredictP_fonnm_ 1_-md
T_mble Rmge
-nyd.xodm(Na.m-_)
&opty _ Moa_,

- IX-.-elopHaz_ _
Sdn_aze

• Da.a Analysm
• ;_lam Repome Models
• A_y_ thzae

Auteuanents

• Dart Analysis
• Dm_ Mod's i/nmmar_
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Development of New Shielding Materials

The approach to developing new shielding
mateamls and concepts is effecuvely earned out in
phases as shown in Table I. The first phase
involves application of simplified analytical
techniquesand subsequent HVI _reening tests to
select a limited number of shielding candidates for
more in-depth testing aad analysis. Development
then proceeds to the concept optimizationphase
when modificationsto the originalconcept are

assessed. Scale-up tests are performed and s_plified
empirical and analytical models developed to allow
engineeringapplicationassessmentstobegin.

Full-scale development is initiated in the third
phase when initial testing and analytical modeling is
performed to develop scaling equations as a function
of target variation tnd projectile velocity, obliquity,
and density. Analytical and numerical models are
necessary to predict performance under impact
conditions expected on-orbit (up to 15 km/sec
maximum orbital debris impact speeds, and 20
kin/see average meteoroid speed) but unavailable in
the laboratory (limited to light-gas gun repeatable
test capability of 8 kin/see, or shaped charge
launcher of 11 k.m/sec). Full-_ale development is
finished after engineering design and verification
activities are completed in Phase 4. A software tool
initially developed in the course of performing Phase
3 work, is applied in the Phase 4 design studies to
properly size the HVI shielding for a given element
by combining geometry, lifetime, and reliability
requirements, with the meteoroid and debris
environments, and the results of Phase 3 H'VI te_sung
and analysis and all Phase 4 findings. Additional
HVI testingand analysisisrequiredinPhase 4 to
opOate the ballisticlimitequations ifalternative

materialsare substituted inthe design, or if target
thicknesses or spacings are selected that are outside
of that _sw, d and mcxteled, or ff m_tidtmal unmod_ed

parameters arc found to be important such as
pmjec_ shape or secondaries generation.

Phase 5 is the design certification/qualification
step. One possibility for the certificatioa or
qualificationof _e desi .Ira is to test_e designwitha
matrix of panicle _zes, veiocRies, and impact angles

thatcorrespondtotheballisticlimitcurvesuse.din
thePhase 3/Phase 4 software package. Since these
ballisac limit curves should be no-failure lines, all

qualificaaon tests shouldnot fail the element. This
makes the pass/no-pass determination in the

eualification re,sling relatively suaight-forwatd.

Several shielding candidates can be at different
phases in the development cycle.For iasmn_e, new
shielding materials and concepts continue to be

exam aed in an established P_._s¢ 1 testing and
analysis program at the JSC I-RRL. Several superior
c._dio,ltes have been identi.fie_ some of which a_ m

a Phase 2 optimization program. One candidate
shield concept, the MS Nextel shield, is essentially
ready for full-scaJe development in Phase 3 testing
and analysis. Applications of the aluminum Wtupple
concept to cnticz _ SSF hardware a_e at Phase 4.
Extensive testing and analysis has been completed
on the Whipple concept, but more is reqr_red tt_
complete understanding of the effects of projectile
obliquity, shape, velocity, and back wall material
properties and stressstate on L_ balli.stic reuse of
the structure (Ayahs ea at., 1990).

Requirements Effects on HVI
Testing and Analysis

Current design requirements fc, Space Station
equipment items exposed to the meteoroid and debris
flux include the provision to design each major
equipment item to a 0.9955 probability over 10
years of no failure that will endanger the crew or
Station survivability (NASA, 1989). In conjunction
with baselin_g the new debris environment (Kessler
el al., 1989), for SSF design it has been suggested
that the protection system design requirements be
restated in terms of a matrix of particle size,
-¢elocity, and impact angle that the shielding system
must be designed to stop (Ayahs et at., 1990_.
Safety considerations dictate that a thorough
reliability assessment be performed of the protection
systems for the crew and critical Sp_e Station
equipmem. This requires well characterized ballistic
response curves for the protection system.
Therefore,no manta how the design requirements are
s_ted, detailed H_q testing and analysiswill be
necessary.

Shielding Materials Screening Tests

In a 1987 study (_sen, 1987), simplifie.d

analytical predictionswere made of the ballistic
perfmman_ afforded by various bumper materials
prior to testing in the laboratory. Inone of several
assessments, the impact shock pressure was
determined by applying one-dimensional shock
theory, with Rankine-Hugoniot relations describing
conditions on either side of the shock front and

linearizedequations of staterelatingshock and

panicle velocities. Although the approach is a
standard one, the equations are involved and can be
found elsewhere (Chnstiansen, 1987). Peak shock
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pressures strong},),,depend on impact velocity.
projectileand targetdensity,and materialshock

corrtpressibility factors. The pressure to which the
;mW, ctile is sub,ecte_ influences to a large extent the
amount of internal energy left in the projec_le after
the collision, and Lhus the ,.empe rature _nd state (or
phase) of tl, e r_mjectile materials, i-Lgi_er shock
pr::ssures generate more mte_J energy which

wanslates into projectile heating For ins_ce, an
al_'ninum projectile begins to melt when exposed to
a shock pressure of 0,55 Mb (9.4 Msi) in impacts
with aluminum at 5.5 kin/see, and completely melts
when shocked to ! Mb (14.5 NLsi) abo'_e"7kmlsec
(Swift, 1982). Solid projectile fi'agrrmrls are more
damaging to the second wall than eith,r liquid or
vapor particles,and thereforea bur.permaterialis

preferredtl'_aproducesmelting_.'_v.,po6.zafion.

Figure 5 Rows the shock pressure to which an
tlumiaum projectile is exposed on impact at 7
k_/sec with a variety of materials _nd densities.
The higher density m_cerial._ produce, lugher impact
shock pressures, but the thickness of a single
"Whipple" type bumper must be grea_ enough to
allow the.projectile toOe completely shocked. As

density increases, the thickness of an equal area/
density (ma_s over surface area) bumper will
decrease. Based on analysisofcompressiveshock
wa_ e and rarefaction expansion velocities, a higher
densitybumper wil_ typically have a greater peak
Rock l_essure than alumimwn, but will be too thin
to shock the projectileas completelyas an equal
areal density aluminum bumper (Christiansen,

1987). For equal _ densitybumpers, only low

densityceramics (boron carbide,siliconcarbide,

alumina),glass,and magnesium were theoretically

capable of gg.IILD_I,_£ shocking an aluminum
projectile to a pressure comparable w or higher than
an aluminum Lumper.
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Fig. 5. Impact Shock Pressure. (from 7 kmlsec
impacts of aluminum on various materials)

Screening tests were performed with ",heJSC
HIRL 4.3 mm light-gas gun (LOG) launching 3.2

mm (t/8") alummam spherical projectiles to 7
kin/see. This LGG is supported by a state-of-the-art,
high-sp_d laser shadowgraph framing camera whach
records 80 flames while operating at one million
frames per see.ond.Based on results of the anaJyIJcal
s_udies, the matrix of materials in the 1987

screening tests included ceramics, laminates and
hybrids, dual-bumper systems, fiber-reinforced
composites, and an aluminum baseline. The MS
shield concept (Cour-Palms and C_ws. 1990) was
tes.'_.edand developed separately from the ?.98"7test
se_es.

The scr,_nmg w.sts were performed with equal
areal density bumpers (0.22 g/cm3), a constant 5.08

cm (2") spacing, 0.127 em (0.05") AI 2024-'1"3 back
wall, and the same impact conditions (normalimpac,

of a 3.2 mm aluminum sphere at 6-7 kin/see), This
testing ap_oach is similar to that used in past
shielding mate.-ml studies (Swift and Hopkins,
1970). Bumper effectiveness was assessed by
comtnixing _easured damage to the hack wall and to
an aluminum wamess plate mounted I0 cm behind
the back wall.
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Fig. 6. Resultsof Bumper Screening Tests.

Figure 6 gives the rankings frc,m the evaluation.
Rankmgs m'e expressed in terms of a damage numbez
(DN). which was derived tram measured back wall

and witness plate damage. The DN is a normalized

k
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index that ranges from 0 to 100, v,lth the lowest
numbed indicating the Letmr performing bumpers,
$omewhal arbitrarily, total hole area m the back
wali was gaven a 75 percent weighting iactor in the
DN, w_ile wimess plate damage makes _a_ _e
remaining ",5 percent. Daraage to the wime_ plate
was used as a di_nminator _.cat_se the back plate
spailed in some screening tests but din not m others,
even though i.t was not penetrated. Because _)all can,
cause substantial damage to interior comlx, nents c: a
sFeacecraft and represents a danger to the c_ew. ,; was
felt important to include de effects of spall in the
corn p_'ison_.

Bumper materials that performed much better
than a sirlgle _l 6061-'f6 bumper were double-
bumper systems having an aluminum mesh outer
bumper followed by a second bumped. The spacing
between the fnst bumper and the back plate remained
5 crr, in these tests. A graphite-epoxy seccnd
bumper was more effective than an eq_.al areal
density aluminum sheet. Later in this paper, tiara
will be presented that indicates an aluminum mesh
dc, able-bvmpcr performs beuer than a t'-'_ sheet
aluminum doub!c- bumper. Bumper materials that
Ix_rformed somewhat bet_r than Al 6061-T6 were a
flexible composite of tungsten microsDheres (77

weighl percent) disperw.,d in a silicone P TV rab_,er
matrix, laminates of 0.02 em aluminum bonded to
011 cm graphlte-ep<3_ty &ha 0.038 cm alumina
bonded to 0._2 cm aluminum, _md a metal mamx

containing 35 volume percent silicon c,'_"bide (SIC)
whiskers in a AI 6061-T6 mamx. Bumper m_teriais
that wer_ tess saccessful than alumi:_L_ included
non-relnforced alumina, Kevlar cloth, aluminum
mesh without a ___,cond sheet, StC clot_ (N:.aion),
graphite-epox),, corrugated ,dammum (wi_ 60 °
corrugations), and a LI-_¢_00Shutde tile.

Typical results from the AI 6061-T6 bumper
_selme tests are shown in Figure 7 (A231). The
0.127 cm ;d 2024-T3 bac._ plate was crackesa and
penetrated. Spali from a 1.3 cm diameter area of the
back plate is evkSent in the view of the rear surfaces.
The 0.04 cm witness plate wa_ penetrated in
numerous places by the back wall penetration
products and spall fragments. The areal den.city of
the bumper and back plate is 0.58 g/cm 2. An
optimum aluminum shield with a 5 cm separation
that would stop the same projectile without
penewation or spa!l would weigh approximately 0.80
g/cm 2 (0.U59 cm bumpe_ and 0.23 cm back wall).

a) .¢ror.t View b) Back View

Fig. 7 Response of baselin_ aluminum shield (038 g/cm 2) to 0.32 c,r aluminum projectile

GRIGINAL PA_E IS

OF POOR QUALITY
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b) lnterrrzediat. Layer and Wall Front

• *w

Fig. 8. Impact results on AI mesh do'Jble-bumpcr system with 5 cm stanaojY (0.42 glcm2 ).

Figure 8 shows the effects of a 3.2 mm
aluminum sphere impacting at e,.35 km/sec on an
alur_inum mesh double-bumix_ syslem (A963). No
penetration or spall occurred to the 0.08 cm AI
2024-'1"3 back plate, whicL was permanently
deformed and bulged by a purely impulsive load. No
cratering from solid fragments was evident on the
back plate. This shot w_ modified from _e
original aluminum mesh double-bumper
configuration with the addition of Spectra cloth
(0.056 g/cm2). However, the second wall and back

plate thicknesses have been reduced such that the
teal densityof the total shieldis0.42 g/cm2,28%

less than the aluminum baseline and 48 percent less
than an aluminum Wl,ipple shield that would stop
a!l penetration _ spall (with a 5 cm separation). In
this case,thealuminum mesh double-bumper shows

a slight improvement over the 0.525 g/cm 2 areal
density of a Nextcl MS shield with a 5 cm total
spacing reported by Cour-Palais and Crews (1990_

However, the Nextel MS shield was not optimized
for a 5 cm spacing.

E.i,eeta paruclesproduced by hyperve!ocity impact
are capable of damaging other near by structures
(Stump and Christiansen, 1986). Different bumper
materials, such as Nextel, have been _hown to

produceless damagingsecondaries (Co,_-Pa_ and
Crews, 1990). An "ejecta catcher', 0.02 cm AI
3003-0 sheet placed 10 em in front of the bumper,
registered the cimracteristics of ejecta from the
various shieldingmaterials.The ejecta c_tcher had a
Ire-drilled cenn_l hole to allow unl_3det:_d passage
oi the projectile. As shown in Figt_,-e 9. an impact
"_nan aluminum bumper produc_,d many. relat/_,ely
large holes, while the shot ._3nthe SiC/A2 606 I-T_
metal matrix produced many .small holes.
Apparently, the SiC whiskers in the metal matrix
makes this n_tenal br_cT thanaltxminum, causing
i, _o break u13upon impact :t_,tofreer ejecta particles.

ORIGINAL PAGE IS
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a) Side l_.cing _umper

15era
_:._,r- _r:-"

b)Re:_"View

Fig. 9. Ejecta catchers for aluminum, metal matrix, and AI mesh bumpers.

As indica_e.d by ',,he third ejecta catcher ,l Fit_tue 9,
an aluminum mesh bumper prod,,ce_ -'cry little
damaging ejecta parucles at tl'_ impact conditions
tested Neither holes or cratermi; are evident ,_n the
aluminum mesh ejectaca..:her.

Screening of shielding matc_ is an on-going
act/vity at the JSC HIRL. Because of av_tability
problems, some materials in the 1987 study, such az
reinforced boron c_rbide and various composites,
were deferre_5 for later tesang. Since then, these _nd

other potentk _ _ieiding materials have _:_eenacquired
for study.

a wider area than an impact on an equivalent aree'..
tle:sity solid alumwum sheet

IDr_: jICt i i#

d_ S,,I ¢

Shields Utilizing Wire Mesh Bumper_

A diagram of the wz_ me:h double-bumper
system is given in Figure 10. 1"he wire m_i,
shield;,_g concept consists of four components: the
outer m_'sh first :;',roper, a second bumper, an
interrnedaate cloth layer (Spec'Ja m the: case), _ad a

plate.Each ha.__differentfunclion as disc_:;_"A
below.

The al--,minum wire mesh firsl bumper for the
screenhag tests w,_s cornpo?_xl of a square 30 x 30 per
square intO- pattern of 0.3 mn_ diameter _tluminum

5056 wires (0.051 g/era 2 areal density). The _ap
between wires is approrJmately 0.56 mm (0.02..').
The wt_e mesh bumper provides a weight efficient
method of breaking up the projectileintosmaller
particles which are subsequently sh_ked by the
second bumpei. The mesh d_s not slow the
particles resulting from the impact. BcCAlusc tile
velocity of _,e residual particles remains high after
the proir_'tik; breaks up on the mesh, the secoad
bumpe, is more effective in _oci_ag tl,_ residt_
panicles to a high level h'utt will, upon tmioadmg,
re{ease into less hazardous liquid an_/vapor particles.
Another effect of the wire mesh observed in the

impact tests is to spread _ _mpact _ris c,_oudover

/_termeot st _ _ IOr_-'_

_3

Fig. 10. Aluminum Mesh Double-Bumper
Sor_ept

The ":._3osc of the second b':_._per is to produc -,
a second shock in the fragments of projectile
re.mahamg after impact with the first b-'i_,_x. This
crea_s an tncrea_: _n the thermal _tate of th_se
particles, whkh wih melt or _:porize the particles,
o: iurther pulverize them. Both aluminum and
graphite-epoxy sheets were tested for _is parpose,
with graphite-epoxy showing slightly bet_r rc.suh_
a_an aluminum on the basis of a s;.,_gle test. Bec,_use
the thickness of _he second sheet was varied in

optimiza,'Jon studies, aluminum was p, imarily used
due to its availability. These optimization studies
are incomplete, with alternative s-_,ond bur_.per
materims such as Nextel to be assessed in furore
testing. Spacing between the first and _cond
bum,.-'e, is a key _ariaSle that was addr-_sed h, the
h_.'p=:;_testing at iiIRL. The desire is to minimize
this distance, to allow the greatest spread of the _,,bris
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loud before Umpact _,'iti_ the back plme. However.
sufficient space is required betw_m frost and sec_qd
burnpe" to aJ',o,w _.nough spre._ in the debts from
the Fast bumDe_, u0 allow ".dficiem mater_al contact
and shock .,>f the debris partacles before a hole i_
blown tn the second bumper b:" the debris cloud.
The minimum we:gh: =onfigu;at_tan was four _ when
first to second bumper spac,ng was 2 to 3 umes the
ffojeCtlle d,:",_et.ea'.

,ntermedmte '.ayer of fabric i_ used tc incre2_e
_h_.,chng pe;iorv,ance. Spe:tra clGth was used in
th:s work Similar resul:._ u;mg MLI ir'eTmedmte
blankets were repor:ed by P..ajendran and Elfet
(1989). SpecLra is a high modulus polyethylene
fiber produced by Allied Signal. Spectta's high
strength _o weight cha:acterisics gives it excellent
ability to absorb energy. The purpose of the Spectra
layer tsm slow the advance of the debris cloud from
the second bumper, thus reducing th.-. momentum
loading or, _e back plate, and to stop any remaining
solid fragn_ents. The Specua used in the 3.2 mw
_uminum sphere _:;Is was c_mpo.,_.d o; two sheets
of plata, weave fabric with a combined areal density
of 0.036 g/cm 2. It was found that the Gptimum
local, or._ for the Spectra was in front of the hack
plate by a distance 2 to .3 times "he projectile
diameter. Less damage to the Spectra. but greater
impulsive tr_amg and more damage io the back plate
resulted when Spectra was mounted dz--ectly to the
backplatesurface.

The purpose of the lmck plate is to resiai the
impulsive loading fror,; the debris cloud. In all ca_
te_e._{, the back plate was aluminurr:. L,Lhcr back

plate materials arm .¢tru=tttres, su:n as composites,
laminale,_;,_oneycomb, and fables, could po;_.nti_iy
r,rovide mote protection !for leas weight.

A rncsh double-buraper system provides better
protection than two aluminum bu,_,,ersw_th

eauivale:ttarealdens/ties.Figure II shows _.hat

seve.radlarge(2 cm) spliLsand petalsfr;,rmed inthe
0.08 cm A_ 202,', :TJ back plate c,I an aluminum
sheet double-bumper after impact _t a 3.2 mm
idumirmm ball at 6.58 _/sec (Shot A975). This
c,c.cttrre,d with a l0 .:m spacing, t_,,ice fl,._ of the
equal ar_ density (f_.42 g/cm 2) mesh systexnshown
in Figu_ 8, thu_ illustrating the improve_
:r_rform_,x.e of the _umintma mesh conc.¢pt. The
effect_ of a _mi.lar _mn_:t on a mesh double-bumper
with a 10 cm sp_:mg is given m y:igure 12. This
_hot (A978) was made with a thinner back wall
(0.05 cm AI 6061.0) but still did not show any sig::
of the petallmg cvider_ in Figart 1 i. The total $._2d
de-,_¢ity of the shiel,'! in Figure. 12 was 0.33 g/cn,2.

This aluminum mesh double-bumper is 40% less
weight _._an an optimm_a a/uminum W'i: 'Ople shield

_vi_ a 10 cm standoV imving an 0.57 ° -/cm 2 areal
density for these impact condO.ions as reported by
Cour-Palaisand C_ws (1990).Inaddition"_:I on

thedatapre_entedinCottr-Pak:sand Crews (1990),

the aluminum mesh doubm- bumper in this case
demonstrated equivalent performance to the Nex_el

k,:S shield under similar impact and spacing
_ondiu'ns. HGwev_r, neither cGncept l'=sbeen
comp!e_ety oplamtzed.

/::co applic_ons to plotect_on auomcntation, an
id-minum mesh is not _ flexible as a fabric, and
_herefore will not manifest into as small a sw, wed
vcAume. Howev_'r. because a mesh is somewha_

,:omplianL it coula conceivably be deployed from a
cevice eontmning _he mesh on a roll. :his would
r;rovide some advantage in simplityir.g the task of
adding a,_,gmentation shields by EVA. If steel
particles are mcluued at a lair date in the orbiv_
debris enviro_;ment description as a :omponent ol
the potentkal threat, a steel mesh coaid perhaps
provide an efficient means to break up steel
Lmpacto_s into partacle sizes more ea.qty handled Oy
aluminum or MS Ncxtel shields. If necessary,

augmentation elements could be designed that would
deploy the steel mesh f;'om stowage canisters
sometime a_ter the onganal shielas are, in place.

Although not yet venfied by test. a mesh may
show an even greater improvement compared to the
zonvenaonal Whipple v_ p_otecting from oblique
impact. Lecause of ,_hecdrva ,a.u-eof the wires in the
mesh, a projectile "sees" apprr_ximately the same
type of surface no matter what angle i" impacts the
mesh.

After the -niual screening tests, subsequent
icgzmg examined the eff,'els of first bumper ma_
propemes, opumizmg the SlUing between layers,
adding mterraediam fabric materials._a_chasSpecwa,
ar#Jeptimizingthe_ (thickness aod arealdensity)

of the second bumper, intermextmm layer, and back
wall. In addition, limited inve.*uga_ion into the
effects of spa_ing and back platemmerial properties
we,reperfmned.
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Fig. 11 In,_pact results on aluminum plate double-bumper system with lO cm standoff (0.42 g/cm2 ).

46



:I
- _ _:_'.,_ _,_:.-. ..^-._._._.......'._,_": -.

ale iii. t _ iiil iiie IL iiiii •
lqli_ i,iIll._l ii_ vlL Ull IioIi,: I--.... - ..... r.
IIIIL _ I.Ilr IIIIIiIIa,_'
IiIII I _IIIe IiiiIiiOII, Iil,i* _II" a_ Iii4

...__

15cm -

.¢

]i I -
15cm

a) Double-Bumpe. r Front b) Interme&ate Layer and Wall Front

I=__..-_._-'-_=-.- r •
, :.:.:_,..:_,-,_,_-_:_.

I _,,_=,.,_,.._. ,,,,=,_--.

!

15cm

|d

IL" y-

15cm : -

¢) Doable-Bumper Back d) Intermediate Layer and Wah _ack

Fig. 12. Impact resuhs on aluminum mesh double-bumFer system _vith 10 cm standoff (033 g/cm2 ).

, j .'_. *.

.,*;. , *: -,

47



A near-uu'rr ;esearch activir/is the requirement
t_ _c_e tr,: ":_3cept tt_ larger p_rt;cle sizes. For

th+s, prehm ,,_z.Q, scale-up eqvauon._ have been
de_ved from the aluminum mesh ,.est data For the
ah_'mu.'n n.esh ftrs_ _:,41-npe_,,,! _s tbe_')nzed that the
mesh wire dtamc_er and _rcz densJt) v, ill _ca.'e

directly with prt)ectile dimae'_r. Thus, the
_Ivmutum mesh for a i cm (3/8") aluinmum 9aracle
should Imve 0.09 cm daarneter wires ano an areal

density of 0._. _cm 2. .'_,-_ prei,mmary scaling
eOua,,_., .or azeal derisory of the zJun_m.ml mesh,

mbl !g/cm2), is re'ated to projectile dia_._: -_, 0
(cm), by

mbl=O-15x d . (1_

For a 1 cm particle, the distance to the s_ond
bumper is 3 c"a A 9.1 cm thick alum;aum second
bumper "_'.required bas::d on the following areal
dt:._saty relation:

mb2 = 0.20 × d . (2)

A.ssummg a scaling equation for _he areal densi,_y
of the Spectra cloth layer, nil _/'.m2), of the form

mI=O.!f x J. (3)

an initial estimate of the Spectra areal weight for a 1
cm projectile is 0.18 g/cm 2. The Spec,ra
intermediate layer should be held 3 cm from the b,_k
plate. Based on the _mpulrive loading condition on
the back pi='e ob-,erved by tests, a tentative
aluminum back plate thickness, tw (cm), s_aling

equation has been derived L- _e form reported b)
Com'-Palais and Crews (1990):

tw=C1 x Mx V/S 2 x (2.76x 10_/Y') 0"3,
t4)

where C1 = _ cm3-shan-g. Assuming an alumin,,.m

v,all de_:ty of 2.8 g/cc, _is equation c_u'_be restated
m terms of wall areal density:.

mw=C2x Mx V/S 2 x (2.76x 10_/Y)o-5,
(s)

where C2 = 22A s/kin.Using Equation4,a 0.I cm
AI 6061-T6 back wallata 30 cm standofffrom the

front bumper is an initial estima_ for shielding from
a 1 cm aluminum projectile a_ "7knCsec.

Equations 1 through 5 are teutafive in that they
will be used in the initial .¢x.ale-up attempt_ af the
aluminum mesh shield concept, a,d arc exgect_ to
change af_crthe data from these teStSare _aalyzed.

Equauor.s 4 an4 5 are semi-e.mpmcal; ',,hey _re based
both on experimental d__,r,anti an analyucal model of
_;wuctura} r_ponse. These equauons, therefore, can
be useA a9 e: trapo_te beyond 6 kin/see, but should
not be used to extrapolate belov. 6 kin/see uotJl
more data is collected The 6 kin/see lower

app_=abdny hmlt _s expected to increase w_th
impact angle. Until more data _s avmlable, the lower
hmit velocity is expected to be reversely
proporuonal to the cosine of the _mpact angle.

Future Testing and Analyses

Fun_er development testing of the ah,,minum
mesh double-bumper ts planned to assess the effects
of n,esla s;.ze, opumize bumper and intermediate
iay.'_r materials, and evaiaate alternauve back plate
concepts. The peffos tar, ace of the aluminum mesh
concept {oroolique and low s_ed impacts must also
be assessed experunentally. More detailed analyucal
studies of the concept are needed.

Summary and Conclusions

A major emphasis at the JSC Hypervelocity
h'npact Research _ry has been on researchand
developmentof low-weightshielding.Development
of the multi-shock(MS) shieldconcept of Cour-

P,_aJsand Crews (1990) isprogressingintomore

oetaueddevelopmentphases.The MS shieldprovides
an alternative that is expected to save 30% of the
weight of convenuonal Whipple shielding for
protecung spacecraft from orbital debris and
meteoroids. An aluminum mesh double-bumper
shield has demonstrated at least equal weight
red,,cUon potenual in initial laboratory testing,
although more developmen_ is required. The
aluminum m_sh does not produce damaging

secondary ejecta particles that are created m
hYl_rvelocity impacts (I-IVI) with conventional
aluminum bumpers. Aiuminum mesh bumpers also

offer some unique advan'_ages in augmenting Sp_e
Station HVI _on. The work completed to date
indicatesthatthe simple addition of an, aluminum
mesh to the exte,'or of critical elements that are

prot_ted by a conventional Whipple shield will
greatlyincrease :heir resistanceto penetration.
Because aluminum me.sh is compiLe.hi and can be
manifested in a compact roll form, it is possible that

5evice ,.:odd be buht ,hatwould readily deploy :',._

mesh for protection augmentation with a minimum
ofEVA. Balhstic protection can be improved even
more iS an knterrnediat¢layer of fabric material, such

_ Spectra or other high.strength cloth, is attached
near to.but not on. the rear wall.
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C(?LLISION WARNING AND AVOIDANCE CONSIDERATIONS FOR THE
SPACE SHUTTLE /,ND SPACE STATION FREEDOM

Fal_ Vales, Michael F. CJflms. Paul C. K.ramer, G. Dlcke) Amdt, Je_ H Suddath

NASA Johnson Space Centcr. Houston. Texa_;

The increasing ._,azard ot manmade debris m [or,
Earth orNt (LEO) has focused atv'ntlon on the

rcqmrement for colhsmn detection, warning and

avmdance systems to be developed m order to protect
manned (and unmanned) spacecrafL With _e number

of debris objects expected to be increasing with ume,

the impact hazard will also be increasing The safety

of the Space Shuttle and the Space Stauon Freedom

fron destruct:re or c3tastrophic collision resulung

from the hyp_rvelooty impacz of a LEO object is of

increasing concern to NASA A number M

approaches to th_s problem are m effect or under

development. We descr;be the colhsion avc_dance
p_ocedur_ now m effect for the Shuttle. and discuss

deteclaon and avoidance procedures presently being

developed at the Johnson Space Center for the Space

Station Freedom.

SPACE SHUTTLE COLLISION
AVOIDANCE

Background

Prior to Shuttle lqtght STS 51-L (the Challenger

accident), the S; atde operauons policy with respect

to predicted close conjuncuons with orbital debris was
to take no avoidance actaon. The rataonale for this

poi,.y ,*.as pnmanty because of large and variable

uncertainties ill _.t,,_ knowledge of the debris state

vector. ]'hts led to extreme _:|flculty in quantifying

the risk c_ collision. Also. it was left Lhat the post-
m_neuver ta'ajector_ was equally likely to encouF_Ler a

colhslon as the original a'ajectory. Since only about

10% ¢or less_ of the hazardous debris population ts

actually in the U. S. Space Command

C,SSSPACECOM) catalog, there was thought to be

just as much of a chance of maneuvering into the

path of another objec L

Current Pol,_cy

As a result of the Challenger accident, al! Shuttle

ml_slo.n operations rules and procedures were

reexamined, including the collision avoidance rule.

An m-dept.h study w_ maiatcd by USSPACECOM

to qt_anufy the element set accuracies and a colhslon

probability and nsk analysis study was mmated by

the Johnson Space Center Mission Operauons.

"/he collision probab:ltty analysis was

accomp|lshed by developing an lterauve processcr

wh,ch estimated th_ probabihty of collision as ;:

funcuon of the conjuncUon geometry, the predicted

m:ss d_stance, and the vector uncertain!ms. Upon

exammauon of the r_sulung data. tt was determined

that a threshold of concern (orobability of colhslonJ

could be selected, which would corresIxmd to a "safe"

spacing for the pw.dicted conjunction. Furthermore,

tae probability would remain below the threshold of

concern regardless of the uncertainty in the
USSPACECOM tracking accuracy. The NASA

management decision was to select a threshold of

concern of 1 in 100,000. Figure 1 shows a summary.
of _e result _.

-_ 1/ I, / ' !B,,- i

I

Figure 1. Probability of Collision vs

USSPACECOM Tracking Accuracy

Thus, for orbital Shuttle mission operations, a

Flight Rule (STS Operational Flight Rules, JSC-

12820, Rule 4-61) was developed which prowdes for

collision avoidance maneuvers ff the predicted m_ss

distance is less than 2 kln radially. 5 km downtrack.

and 2 km out-of-plane, and if the maneuver does not

,.ompromlse either primary payload or mission

abjecuves.

During the prelaunch time frame, tf a potenual

colhsior, is identified for the first four hours of a

nomm;al mission, the launch will be delayed un'dl the

next minute to assure clearznce _kule 4-31,

Additional analysis wdl be done [or the new flight

5O
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profile tf tame permits. This is 9 simple and effecove
way to avoid potenual p;oblems that are _d_._,;f!:._
prelaunch. A more con_rvauve limit of 5 km out-
of-plane/radial and 15 km downtrack was sele_:ted due
to the mlnzmum perturbation in selecta., g a one
r,mute later liftoff tam_.

Shuttle Collision Avoidance Maneuvers

A Shuttle collision avoidance maneuver will

generally be one of two typez, either a phasing
maneuver or a height adiust maneuver. A h_._ght
adjust maneuver would be perfo_led one-half orbi:
poor to the preAlieted conjuncuon. It #aid either be
retrograde or posigrade and it would cause the ob;,_ct
to be missed in the radial _::recuon A phasing
maneuver (either posigrade or relxograde_ done several
orbits prior to the conjunction would re: ,it in a larger
change in the relat,,e down track position. The
phasing maneuver is not time critical "rid can be
performed any_,here m the orbil.

The setecuon of the specific maneuver is done ,_n
"real lame" as requtrf .1and ts dependent on warning
ume, crew activity scheduling, mz :euver propellt_t
a,,adability, future mission trajectory plans, and the
resulting effect on end of mission condiuons such as

cross range to the landing s=te, lighting for land=,g,
and deorbit maneuver propellant requirements, i: ,_or
to a coll,.sion avotdanc_ maneuver the post-maneuver
tra lectorj is screened to assure that other coruuncuons
are not caused. Generally, If a maneuver is reqwred,
the magmtude c,f the maneuver would be selected m
order to exceed the minimum clearance limits

significantly, thus assttrmg complete clearance.

Based on the catalogued debris pc?.ulat:on, it was
esumated that a collision aveid_.nce maneuver wourd

be required about once eve_, ten Shutde flights, and
the flights to c.ate tend to conf'uxn this estimate. The
flight history for the elgh, mlssmns since STS 51-L
are shown in Table I.

Taole I.

Fl;sht #Conjunctions #Conjunctions
Within Within

5 x 25 x 5 (krn) 2 x5 x2(km)
_radial x down track x crosstrack!

STS-26 1 0
STS-27 4 1-
STS-29 0 0
STS-30 3 0
STS-28 0 0
STS-34 1 0
STS-33 1 0
STS-32 0 f_

SPACE STAilON CONSIDERATIONS

Studies _, proposed colhslG_a v arni,_g systems are
directed to_,ard the protezaon o[ the Space Station
Freedom. ,lib#ugh the results do not need to be
limited to raanne _ spacecraft. The protccuon of the
Stau'rq from colhsior with orbital debris has been

directed ,wayd three different problems, d_ fined by
three different _.ze regimes of debris. The habitataon

mochAes on Freedom must currently be designed to
shield inhabit_.l_; against penetration by par_izles up
to about 1 c,'n diameter travelling at 10 km/s impact
speed (1). Desi_, and testing stuches are underway to
pro tuce the rod, effective shield for Freedom. Debris
pieces la:ger than 10 cm in dian_eter at the altitude of
500 km above the Earth can be tracked by the
USSPACECOM using existing ground-b_,ed radar
and opti,.al _ystems. A pla_ to utilize these data to
l_rOvide timely and adequate watrung for :, ace Stac ,
Freedom to move iv orbit ,s being developed by
Navigation and Guidance Syste_as Branch,
NASAIJSC. Additionally, a space-based passive
detecuen or active txacking sy,_tem could be used in
conjuacuon with predicuons from ground-be.sed
tracking to refine the orbital parameters of a debris
piece w_th an orbit suspected of inteLecting the
Station, an,'! advise wi,,:ther the Station needs to
move. In order for Freedom to move, a minimum of
2 hours of advan : v,aming musa be provided.

For collision detec:ion and war, in, , the size
regime between 1 ,:m and 10 cm presents a separate
problem. Pas:,]ve detection and colhsion war_, ing
techniques u._tng the thermai infrared _:,_ .-Jsible
spectral ranges are bein,': invesugated by '_he Space
Science Branch, JSC. for use wnh a collision
_armng system The role of acuve sensors for debris
tracking Is presen; y being explored by the Tracking
and Communtca.,on Divlsien, JSC. The 7oal of

_,lhslon warmng for small pieces of debris is to
provide sufrici,.nt warmng for Free_ 9m to close
hatches, power down critical systems, and mr_ ve
personnel to safe havert w,t_ a few minutes' warning
time Moving Freedom within the small lame
interval avadable in the event of a direct detecuon and

_mpact is not practical. "_he state c,f collision
detecuon, warning and a',oidance 3tudies for Space
Stauon Freedom is discussed in the sections below.

COLLISION AVOIDANCE: OBJECTS
10 CM DIAMETER

Evolution of Shuttle Procedures to Space
Station for Large Debris Objects

While tlz,e present simple and conse_,atave
operauonal policy and p_cedures ensure that Sht, de
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missionswdlbesafeandrelauvelyfrt.. fromfalse
ala:r_maneuve,,-_,hereares.:eral factor_ that require

a more scph .;ucat',',:d approach for __e Spa:c Station
program. T_ ,__actorsarebriefly =e._ _be_ net::

! . Exposure Tm;c. i he length of m:sslon _ a
very _tgnifican difference between t',e Shuttle a,.=
Space Station programs. The Orb,ter stays aloft for a
week or so and can endure snort holds in _.,ae of Iift-
ot_ to _tnim_ze early mtssion debrts close
encounte_ . however, the Stat_or, wdl be exposed

contmuousJy for 30 ye,_s or about 1500 umes as
long a.s the Orbiter. ::ews will alwavs L_ on board
after Perm_'_,ent Mann:-d Capability _., atxalned (about
2 years a_er first element launc,). This expos,,,re
time difference has proportioncl effect on
probability of colli-ion.

2. Configuration. The Station is not only an
orde • of magnitude larger than the Orbiter in expo_d
area, but some critical equipment such as the Control
Moment Gyros are in distributed locations such that
impacts remote from the core lab and habitation
moaules could result in secondary ejecta for which
core shielding is ineffective Even some non-cn ical
elements such as the solar panels, which individually
a.-e not vital to safe operations, must be considered as
part of the exnosetl area that must 1_' protected from
penetratic,',. This is because tke approach azimuth ,)_
much of the debris is 45 ° or more off the S,..ation X

a_..,s (Fig. 2) where ,.be solar panels are i,l the path to

escape the volume of uncer, amty associated w_
deans encounters

3. Ol:.:rauona( Complex,y. While the Orbiter
c_ew t_r..c hnes are __gnificantly complex, the
qaanuty and length of Space Stauon acuvttles wtll be
Lven more so. Some experiments may take hours to
acuvate or dcact:vate, and others (such as those

requmng zero g) may fad if unsche_hded a'anslataon
maneuvers are experienced. EVA _'Id free flyer
actavitie-, will also cause longer i_zd umes for the
Stauon -.3 prepare for maneuvers. These factors,
along with the low acceleratiort level, mean that the
Urn," between decision tO maneuver and conjunction
may be on the order of 4 orbits wi,.h 2 at bits needed
for maneuver planning and execution, and 2 for
trajectory divergence. Thus, the ability to predict the
relative motion between the Space Station and a
debris piece accurately is very valuab!-. Both the
number and magnitude of the coil"ion avoidance
maneuvers increa_e in proportion to increases ,n the

siz: z,f the conjunction unct "tamty ellipse.

4, Debris Flux. Another important factor in
companng present Orbimr policy and l_ocedures to
Station is the possible gr,'wth of the number of

ohiects contained in the USSrACECOM catalog. It
p_csently contmns a',out 6600 objects. Projected
launch rams indicate that long term gr.-,wth may be
about 5% pc. year. The effect of growth of the
nu_ of large objects in LEO on the probability ,:f

the core mod_fle,_ near Stauon noon. the Station not being h_'. oy a cataloged obje,:: is

•" '-v-' _ _-V_ -_-r-: -T- _-_'-"_; shown in Fig. 3 Note the nonlinear detrimental
: i ' _ I : -- ! _ _ ' : effect of both time and growth rate. Even though we

! _I ,_1, ,,, _
_ +-I ..... _:-7.--_'_t--_-_ ...... do not kr.ow the exact future growth rate, Fig. 3

, , _I I . _ , shows that a strategy based on disregarding the

: t i i i t I_1 I i_.' i , '. i _ i ', probability ofcollisionisclearlyunacceptableforthe
i_ ' ; : ' ]#_ _ ) : ._ i : ; : i Sp_c_ Station program."-I_ ', ) _ ! )- , , ] ['-oj. I J ; _

_' i '"" " l _ ' I _ i _"

"*+-'--+ .... _-$.._-"_-_--T :-_lg'q'-T-T_--+ ) *,.' _ ......

. = I _ ) : -r.J ,_, ! _rT]_.i ! I II_-I I 1 II ! i J I -i i i) _ • --,_- ) l

l°l I _=" i, iii, :_I I Io! I ' " _ '

Figure 2. Debris Approach Relative Velocity ,_ ,,,_____._1 1 ]
SSF ........ I q-i 

]..
Anotl-,*..r important configu-ation difference ,. i .i i i l l _, 1 I ]_[ . '"

II,

i

between the Station and the Orbiter is the fort .¢r's
low thrust-to-weight ratio. In one minute, the
Orbiter can accelerate using RCS jets to a distance of
about 9t,\" l'. from its anginal trajec ,ory. anti would be
_nown_ away from its W: :ous path at 30 _ .,. The
:_,auon can only react .:3out 30 ft. at w _ .,.in tame t'..
would be tr_velipg at a snad's pace o_ i fps. Thus,
the Station _ill have to maneuver much sooner to

e e ,) ,e

Figure 3. Probabilit,, of >.o Coilston

5. Ol3erat'ng altitude. The Space St°:.ion _,ill
follow ,',_ atmospheric density profile dunng its
reboost cycles driven by the 11 yea, solar cycle suci_
that after each reboost period the expected density
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profile will l:)ermnt an addmoaal 90 days for the orbit
to decay down to 150 nm. The expected operaung
,_iutude histoD' fc- a 2-sigma dense atmosphere _s
shown in FigA (;) Each rehoost c,,cle begins at the
top carve and decays m 90 days m the points shown
m the next to top line. Since Orbiter missions are
usually flown under 20u nm, the Station will
experience higher alatudes than the Orbiter. The
St_Don will therefore be in a more dense debris

environment, as shown in Fig. 5(2).

_l--I 11 : : i T

,,o2 l J ,,' • ] _ "'.,J I J

,.L_._I, .J/i/
• "|- i

! i i 4 i i L_

Figure 4. Szanon O t_eraung Altitude

Figure 5. Density of Debris vs Altitude

The above factors emphasize the need to develop
an effecuve risk management scheme if we are to
achieve safe Space Station opera_ions with-_t causing
unnecessary disruptions in operauons or translational
man_ ".vers.

Alert Levels

To dep'-,nme how man_, collision avoidance
maneuver_ m_ght be need,'-:l du;ang Space Station
operau ;. simulations of portions of the S,.alaon
mission werz conducted usil:g an actu,,, debris catalog
supplied by the ! rSSPACECO' ;. l"hese gnmulalaons
considered :J]e present USSPACECOM det.ris state
propaga'.',on methodology and trackmR r.zcuracies for

the Stauon state. The Orbiter procedures for daily
scrccnm_ (by USSPACECOM) of ',.he debris states

against Stauon altitude and downrange crossing limxts
reduced the possible threats to less than 100. Then.
conjunctxon locauons for I day. 12 hr. 6 hr. _d 3 hr

were compared with the corresponding uncertainty
ellipses which grow m prov_ruon _o propagation
t_me (ume to conjunction). If any conjunction fell
within the 3-sigma uncertainty ellipse at 1 day in the
futu _ nt was considered alert level 1. A conjunction
dec,. r_,. wnthin the boundary for 12 hi s_gnalled alert
leve_, t 6 hours alert level 3 and for 3 hours alert

level 4. As ;he simt, lation time pro_,ressed and
additional tracking data were obtained (for threat
objects and Station only), the number of threats
always chminished. If any threats survived to alert
level 4. however, a maneuver was cor_sidered to be
required. The reason for several alert levels ,,as to
permit an orderly preparation for maneuve, "xecution.
The times of alen le'cels have not been optimized but
me considered repre_ntative for study purposes. A
brief summary of alert levels and mission ev_:nts is
shown in Table II.

'Fable II. Collision Avoxdance Approach Summary

1.2 catalog s :reenmgs to reduce number of objec_
of concern (O/C <lC_0)

2. Analytically Predict 0./(7 and .iS S_',es to ume of
conjunction

---O/C conjuncuon within covanance ellipsoid
sets alcn :and designates O/C as threat object
CO/I)

3. Repeat step z ,,.,i_ OFF and SS state u_xlates for
each alert level a_d mod_y sho_ term plan
accordingly:

Alert Time to

Level Conjuncuo_ Acuon

! I day

2 12 hrs

3 6 hrs

•1 3 hrs

Place holder in sht, n term crew
activity plan./¢rfo_m nsk
assessment, inform
USSPACECOM

Proceaures m cap, review risk
assessment, inform
USSPACECOMM

Begin maneuver prep. review
risk a_sess_nent, h_rget b_,.trr,.
in fo.wl USSPACECOM
Perform maneuver
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Risk Management

The number of collision a_old,_cc maneuvers

required Is proporuona/ to the size of the combined
Space Station/debris uncer_mty elhpse (systerh
covanance). Figure 6 (2) illustrates how the system
covarlance was obtained by rotating the debris
uncer,_anty into the Stauon X-Y (horizontal) plane at
the conjuncuon point and accounung for uncertainty
in amval ume. By varying the size of the system
covanance (number of sigma) reqmred to execute a
maneuver, the size and number of maneuvers could be

made a funcuon of the degree o_ nsk of collision.
This effect is shown m Fig. 7 (2j.

m_mm_ ff
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Figure 6. System Uncertainty
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Figure 7. _zsk Management

Navigation Improvements

The curve labelled Block A/TDRSS in figure 7,
which represents the present tt_chnology for debm and
Stauon trajectory determmauon, indicates ,'hat the
number of maneuvers per year to achieve more than a
95% probabdity of no collision over the 30 y_ar life
of the Stauon is about 20 maneuvers per year. It is
clear from Fig. 7 that to achieve 99% or more
(.present Stauon requirement ts 0.9985 probability of
not experiencing a critical element penetration), and at
the same time require less than i0 maneuvers per
year, s_gmficant improvements in the knowledge of
orbital debris and Space Station states as well as in
the maneuver decision process are nece_.

Fortunately there are two major advancements
available for use in the early Station era. First, a
greatly unproved USSPACECOM processing system
(called Block B) for correlating debris tracking data
will become operauonal in 1991. While _: Block B
system will not significantly reduce the minimum
s_ze of objects in the catalog, its improved speed and
capacity will embody more accurate LEO
envwonment modeling, more sophisticated correlation
of mulu-tracking Station data, and faster identification
of objects that become near-term threats to the
Station. Therefore, additional tracking data will be
qmckly obtained for "high interest" objects. This
decreased USSPACECOM response time will
significantly red,ace threat object epoch staleness so
that corresponding improvements in Station state
vector accuracy can significantly improve
determination of the relative motion between debris

and the Space Station. Wim improved relative
mouon accuracy, the system error at conjunction will
be reduced so that fewer and smaller maneuvers will
be reqmred. The Block B system will have the ability
to determine debris state uncertainties for individual

threat objects depending on their current tracking
geometry and joint NAS.adUSSPACECOM studies
are being planned to quantify these improvements.
For the studies reported herein, an overall
improvement was used that reflect_
USSPACECOM's preliminary estimate of the Block
B potential. Second, improved Station navigation
accuracy will be obtained through the use of the
Global Positioning System (GPS) to be installed
concurrently with the permanent manning of
Freedom. T_',eGPS maximum state error requuement
for the Station is 30 m in position, 0.1 m/s velocity,
and correlation of position to velocity consistent with
achieving no more than 0.134 s error in orbital period
(3 sigma). The error in orbital period is important
because the error ellipse must be propagated from the
time of maneuver decision to the ume of conjunction.
The Stauon wil! navigate continuously using GPS
and will experience its maximum state error in the
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downrange dtrecuon. This error Is proporl',z. ,,.,] to the
period error, orbital speed, and propagat,on time
Imtial slmul_'._ '^ '; the Block B system with GPS

Station navigation indicates that t.he relationship
between the number of collision avoi "dance maneuvers
and the probability of no collision will be as shown
by the curve labeled Block B/GPS in Fig. 7.

It now appears that the probability of avoiding
collision with objects ", 10 cm diameter exceeding
0.99 is possible without an excessive number of
maneuvers. Although the catalog size may increase
in the coming years, there is also potential for further
navigation improvements, in particular, a Block C
update to the USSPACECOM system in the mid-to-
late 1990s. However. further studies with
USSPACECOM are essential to define the

requirements, capabilities, and operauonal procedures
that should be employed for long term LEO
operauons with large manned spacecraft.

COLLISION WARNING: OBJECTS
1 - 10 CM DIAMETER

The medium-size range of debris (1 - 10 cm not
tracked by ground-based systems or shielded by the
Space Station structure) still represents a threat to
Space Station Freedom. An on-orbit collision
detectaon and warning system can be developed using
either passive or active sensing of debris. Passive
detection involves using reflected sunlight and
earthlight in the visible spectral range or emitted
thermal radiation in the infrared spectral region as a
means of detecting an object. Active tracking
revolves the use of a ,-adar or lidar system.

On-Orbit Detection: Passive Detection
of Debris

A passive orbital debris detecuon system on-board
the Space Station Freedom is designed around the
need to maximize protection of the Stauon and crew
in the worst case scenario: a piece of orbital debris
having a size in the 1 - 10 cm diameter range Is on a
collision course with the Space Station. The size
range precludes the possibility that it was identified
and tracked by the USSPACECOM, so its presence is
unknown. Under these circumstances, a system
should try to provide as much advance warning as is

possible in order to allow the crew time to take
actions such as powering down systems and securing
the Stataon quickly, and moving themselves to safe
haven. Studies done assume that an object travelling
at 10 km/s (the median speed at which debris travels
in orbit at 500 km altitude) at a minimum distance of
1000 km from the Stauon, thus providing 100 s of

warning ume. The opuc'-.; and infrared charactensucs
of most orbital debris are still unknown. Thus,

selection of an optimal spectral range tn wtuch to
operate a passive collision warning system requires
additional informauon about the characteristics of
LEO debris. The Debris Cc',hslon Warning Sensors
_DCWS) flight experiment has been developed in part

to provide visible photometry (0.56 lain), thermal

infrared radiometry (5 lim, 10 lain) and relauve

angular velocity data on a statistically significant
sample of -LEO debris in the size regime of >_ 1 mm
diameter. These data will be used to determine the

albedo and dmmeter of the individual pieces, the mean
albedo or albedos of different size regimes of debris.
the flux distribution of debris with altitude above the

Earth, -oise or false signals caused b) very small
debris particles which could affect the detection of
incoming debris, the thermal behavior of debris in
low Earth orbit, the performance of different detectors
as collision warning devices, and the optimal spectral
range to use for a collision warning system. The
expenment can be reflown m order to test the selected
detector combination for use as collision warning
sensors.

These data will be incorporated into the deslg_ of
passive sensors; for Space Station Freedom, currently
in the concepttml phase in the Space Science Branch,
JSC. A pa,;s_ve sensor detection system will
concentrate on scanning me preferential directions for
incoming debris either in the thermal infrared or
visible spect:-al range. The thermal infrared would be
preferable, as up to 1/3 of the orbit of a debns piece
in LEO could be masked from the view of a visible

spectral rah._e sensor when the Earth's shadow covers
the debris. Three sources of radmtion will affect _e

signal in the thermal infrared: direct solar insolation,
solar radiation re.qected off of the Eart_fs surface to

the LEO object, and radtauon from the Earth as a hea:
source itself. The thermal IR signal will also be
affected by the location of the object in it's orbit
around the Earth, rotation rate and object shape.
Ground based studies of large orbital debris in _e
visible and thermal infrared (3) show that debris
pieces are generally irregularly shaped (best modelled
by a flat plate shape rather than a round shape),
rapidly rotating or tumbling in space, subject to
vanauon in temperature from the heating and cooling
cycle it undergoes during it's orbit, and not
longitudinally isothermal while rotating under solar
insolation. All of these effects are being mcorporated
into a model of thermal behavior of LEO debris

which will be necessar), in order to interpret signals
received by passive space-borne sensors correctly lot a
collision detection system. In addition, the thermal
IR background scene will affect the capability of a
sensor system to disungmsh a debris piece at a large

distance. The background signal at 5 tim wall. ,n
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general, be considerably less than that at 10 tam when

the zodiacal light sigr:al increased drarrtaucally. The
signal for a debris piece under solar illuminauon at 5

_m may be sufficient to provide a better signal-to-

noise rauo for detection than ',hat at 10 lain, however.

the cooling expected for a debris piece in the Earth's
shadow may reduce the temperature to the extent that

a detecuon system operaung at 10 I.tm cot .. be
necessary. In addition, tremendous variability m the
background scene description in the thermal infrared
will require understanding, assessing, and including
the background cor, tribution of many factors,
including the zoatacal light, dust in the Milky Way,
dust in the solar system, stellar signals at these
wavelengths. The state of detector technology must
also be considered for this design.

The proposed experiment consists of one 63"
f/0.95 all-reacting modified Paul design telescope

having a 4.2 ° field of view in the nominal focal plane
mounted in the Orbiter payload bay (Fig. 8). A
Tektronix 2048 x 2048 charge-coupled device

surrounded by InSb (5 I.tm) and HgCdTe (10 lam)
thermal infrared detectors is mounted in the focal

plane of the telescope. These detectors will be read at
rates of 1/10 s or fasmr and data is stored on a high-
speed high-density recorder on-board the Orbiter. The
selection of launch date near either the June or
December solstice coupled with a mission inclination

of 57 ° and a time of day of launch window having the

appropriate right ascension of ascending node, ensures
that the Orbiter can track the Earth's terminator for a

full revoluuon under optimal lighting conditions
(Fig. 9). The orientation of the Orbiter relative to the
orbital velocity vector will affect the frequency and
char;lctenstics of the signal received from the debns.

_,t_l m
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Figure 8. 1.6M (63-im F/0.95 Telescope
Mirrors and Internal Baffles
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Figure 9. Time snapshot of proposed tracl_ of
DCWS experiment

The experiment concentrates on a cross.plane
blind search for low Earth orbit debris in order to

acquire the information neexl_ for the design of a
passive collision warning system, however, plans
also exist to observe large objects tracked by the
USSPACECOM which would pass near to the
Orbiter, observations of known objects released from
,,he Orbiter payload bay, a blind search for debris

observed in plane emulating the view that Space
Station sensors would have for a collision warning
system, and a blind search for debris in
geosynchronous orbit.

On-Orbit Detection: Active Tracking
of Debris

The need for increased accuracy in the predictions
of debris trajectones requires an on-orbi' radar system
for tracking the objects. This radar systt m aboard the
Space Station i.'-,creases protecuon from approaching
pamcies while minimizing false alarms. This sys_,:m
must be capab!e of tracking the 10 cm and larger
particle:: predicted for close encounters by
USSPACECOM as well as 1 to 10 cm particles not
protected by module shielding.

Dt, s to the small cross-sections t_f _he debris and

the high closing velociti¢_ and angular track_g rates,
severe constraints are placed on the space-bo_e
system. An electronically-scanned pha_,d array,
mounted on a gimbal system, is needed, :z c..-Ser to
provide the required Sl_:_tial coverage. This _rray
v,oulc' best be used _,dy ru_ tracking and not for
scanning. It is impractical due c_ prime power
consumpuon and lifeth'ne considerations to have the
antenna continually scanning the environme,'t
looking for d :-'is.Ratt:er. the radar system would be
on a star ; S) Oasis awaiting a command to activate
and begin t:acking. The initial pointing information

56



(0, 0) would be provided to the antenna by [i_e
USPACECOM for most debris greater than 10 cm
Passive detecuon would cover the expected spatial
approach regions (Figt0) and provide conbnuous
angular reformation for 1 - 10 cm particles to the
trackang antenna.

As shown in Fig. 10, there ts a well-defined
spatial region for the expected approach trajectory of

large (> 10 cm) objects centered at +__30 - 90 ° in

azimuth off the velocity vector and +__10° in elevauon

(2). In order to maximize the accuracy of the
predicted trajectory of a debris piece in this spabal
region, both the passive detection svstem and the
tracking antenna snould provide widely spatially-
separated tracking data on the object. Ideally,
tracking dam should be provided at far ranges as the
debris approaches, at close ranges, and then at far
ranges as the object leaves. Initial studies at JSC and
Texas A&M indicate that the angular tracking

accuracy should be within 10"4 tad and the range error
to be appr ximately 6 m or less. These tracking
accuracies should allow trajectory predictions one-half
to one orbit in advance to have an accuracy of 100 m.
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Figure 10. Debris Approach Angle

The operaung frequency of the antenna system is
dete:mined by the size of the parucle to be detected.
Frequencies in the 15-30 GHz range should allow
detection of 1 - 2 cm size particles in the optic!
rather than the resonant region. The RF technology
for higher frequencies is not as advanced in terms of
noise figure for low-noise amplifiers, output RF
power, efficiency of the high-power cmplifiers, and
integratJ _n of monolithic microwave integrated circuit
(MMIC) devices into phased array antennas.
Frequencies above 30-a5 GHz are no' recommended
even though smaller parucles can be detected.

Antenna Test Bed Studies

Studies have been ._nderway for several years at
JSC mid the design and dehmt_>_n of a low-cost
ground demonstration radar system capable of
detectmg and tracking small parucles traveling at high
angular rates. The ground system, a precursor to a
larger _pace-borne radar, would be tested by tracking
bullets fired cross-range at a distance of 1 kin. A
computer program was developed to s_mu!ate the
operaung conditions of a 0.5 m x 2 m grcmd testbed
antenna and a 4 m x 4 m space-z.orne array. Be_;,zd
upon these simulations, the design and construction
of a four sub-array Ku-band phased array ar, tenna is
now underway. The 4-element array will provide
technology tradeoffs into the design of the ground
testbed antenna.

Each subarray has a transmit/receive module
consisting of a 5-stage, 2-watt, Ku-band power
amplifier, a low-noise amplifier, filters, switches.
phase shifters, and o',her front-end electronics whizh
feed a unique microstrip antenna. The following
features are included in those of the subarray.

1. ' "_-cost Ku-band components were purchased
and integrated into circuit designs developed by
several computer software programs. The designs use
the latest microwave technology _,i.e. MMIC
components) to minimize s,ze, cost, and weight.

2. The :ubarray antennas are unique in that parasitic
coupled microstnp patchez are used to reduce the
number of interct_nnectors ana simplify construcuon.
The antenna is one of the first applications of
parasitic coupled patches.

3. Because of limite6 funds, the radar receiver could

not be built, however, it is being s_mulated w_th
stand,.,rd laboratory measuring equipment. This lab
equipment, together with the transmit/receive
cu'cmtry and antennas, will Ix .,,'dfor testing in the
JSC Anechoic Chamber.

4. Effort_ are now underway to build a high-speed
software package for controlling the antenna. Because
of the switching speeds required to move the
electronic scanning beam across the antenna's field of
view, unique software process_,_ z had to be designed
and constructed.

Testing of this a-element breadboard begins in
Februar_, 1990.

The a-element ar:ay breadboard was designed to

have the _an,-_e bcamw .ith (60 °) as the space-bor- :

array. This ,30_ beamwidth trans!_s into,;9 dB gain

for each subarray. The comple_it.'" of the ;mtenna

mllllld_bL-'_"_ -"
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(i.e. tile number ot acuve elements or subarrays) is
reduced by a factor of two or r:_ree by hmiung the

scan to 60 ° ralher than the usual hemispherical
coverage of _ omnidirecuonat antenna. Since the
gain of the tt,;_ array is ;he sum o( individual
sub "_ys, the same total ga_r_ _an be achieved wltt,
fewer subarrays with higher lndiv,du',d g_ms

n

((_'-- E Gi subarray).
i=l

The breadboard antenna is a planar array of
parasitic microstrip antennas for the individually
controlled su-barrays. The antenna elements consist of
three rectangular patches, the center element of which
is 4irecdy fed and the adjacent patches radiate the
co,:;_'A energy. The advantages of a parasitic patch
antenna include increased gain and bandwidth, a 3:1
reduction in the number of feed elements into Ce

antenna, and a simple, low-cost anle,,na
configuration. The space-borne array would have
radiating patches on the front surface and MMIC RF
electromcs (power amplifier, low-noise amplifier,
phase shifters, etc.) on the rear s_face. Measured
results indicate that each parasitic element has a gain

of approximately 9 dB with a 55 ° bandwidth. The
total gain of each subarray is 12.5 dB, giving _ 18
dB total gain for the a-element array. This breadboard
will serve as a basi_, buil.?ing block for the ground-
based testbed antenna.

Sozne of the issues and technolog_ies that must be
addr_._.i mch,_:

I. Maintmnmg a calibrated alignment between the
sarious subsystems. _uch as the h_gh gain antenna,
the passive detector, and the control systems.

2. Packaging of MMIC techr:o!ogy for the front-end
elec_'onics of the antenna.

3. Use of electro-optical fibers for dam lines to
i*.andle beam swztching and parallel processing of
control data for the antenna.

4. Development of higher power, high efficiency,
MMIC power amplifiers at Ka-band.

.3) Lebofsky. L. P,. and Vilas, _. 1990. "Tl'_ermal
Models Apphcable for Vi_,aal and Infrar_A Studies of
Orbital Debris", ,Sdv. Space R:s. 10_ 377 - 380.
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_p order 1o _m_rove the _afety of man and material
C_r'ing missions _:t_in the space debris environment
c_!!ision avoiding mano¢uvres may gain importance,
Esp_c_ai!y large manne_ structures, _hich are p]anned
or discussed for the future and will operate in orbit
for manF yePrs, may not be protectable sufficiently
by shielding only. Tn gener_i, _voiding manoeuvres
can be performed without consuming any additional
f_e], if they are comcined with or part of the
scheduled altitude keeping strategy of the space
structure. Neverthe!ess, such manoeuvres should meet
special operationa] requirements. The resulting
efficiency, in the sence of an improved safety, is

main]y influenced by the possibility of a more or
less complete and precise detection of all objects
endangering the spacecraft. In the near future there

will be ne ground-facility that enables a complete
tracking of the debris flux beyond the diameter that

can be shielded. This gap could be closed by a
detection system that _s located on-board the space
structure itse](. Taking into account the current

risk object flux, such a detection system could cover
30_ to g0_ of upcoming collisions. The total number

of avoiding manoeL,vres, i_clueing the unnecessary
oJTes due to _ncerta,nties, _nd the detection rate in

practice however will depend on the characteristics
of the detection systems, whlch are not yet
available.

If &_. upper snie]d;r_ ]Im;t of I _',s _oald not be
feas;b!_ _r practice, ti,e above mar ioned risk of
hazardous Ccllisicns, and l_ke_ise tne necessity of
avoiding manoeuvres. ,:uld increase. Fig.! shows that
the increase in the n,_mber of risk objects amounts

more than the factor _, if only particles larger 5_m
can be shielded, if. on the other hand, the diameter
iimit can be raised from icm to 2cm, this will reduce

the hUm&or of risk objects to 50_.

FEL_AT_VEt_o _F _SK Cg_ECTS

\

C '
0,50 ': CC ;,50 200

• _d at an altitude region of 40Okm

Fig.l The relative number ef risk objects as a
function of the efficiency of shielding
(related to a shieldab} diameter of I cm)

Introduction

The overall risk, th_ duripg a long mission of a
large space structure a collision with man made
objects larger than I cm wi]l occur, is _stimated to

be _n an order of magnitude of about several
percent _''.Only IO% of these objects with a diameter

of more than loom can be tracked _nd cata}ogued at
present.

Currently it is assumed, thdt the impact of

particles up to Icm can be made ineffective by
shielding _. Tha_ means that the above mentioned risk

applies to collisions causing a major damage. Taking

into account the existing uncertainties of ob3ect
flux modeling, a poss;_e increase of the oblect flux
o_ higher altitude regions of missions etc., _his
risk might be even higher.

But yet a r}sk of some percent does not. seem to be

tslerable in manned missions. In o_er to improve the
safety of man and material, collision avoiding
manoeuvres may became necessary for those lamer
debris particles (risk objects), which are beyond the
efficiency c:f shielding.

The research contained in th_s paper _]s been .q_i S
nanced by a contract from the Ministry for Research
and Techno]ogy of the Federa: Republic of Gercany

Copyright 1990 by J. Bendisch and D. Re_. Published
by the American _r.stitute cf Aeronautics and Astr -

no,tics, Inc. with permission
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nnerational aspects cf avoid_nq manoeuvres

Other than shielding, active manoeuvres cannot be
based on statistical methods. There is a need for the

determin;st_c predictio_ of _ossible individual col-
lisions in order to enable the subsequent manoeuvres.

A prediction of an upcoming collision requires that
an c_j_ct _,dangering the s_acecraf* ca_ be detected
in advance and s"ecific _fcrm_tion on its orbit

becomes available.

When consimering the feasibility of .:_]lision
avoiding manoeuvres in a fundamental manner, one of

course h_s to Lear in mind operational aspects that

may be relevant in practice. The efficiency and f;-e-
quency of such manoeuvres _re determir,ed by the fol-

lowing questions :

# how to avoid a collision ?

# can all objects endar, gerin_ the sff_,cecraft, _.e.
ris_ objects, be detected _n advance ?

nO_ ]ong is the t_::e remaining from detection
until impact 'or c_cse er;counter) ?

_hic_ _uf<{:a zone has to be taken into account

due to _ncertainties d_ring risk _bject detection
and orbit predicticn]

# how many avo_d!ng manoeuvres will result compared
to the real necessary open as consequence of the
bu_!er Zcr,e ?



Dependingon the velrcity increments and thrust
forces needed for avolding manoeuvres and their
frequency, there are direct influences on the
scheduled orbital operations, e.g.

# fuel consumption

# vg°level of the spacecraft

# operational costs

The number of predicted collisions and likewise
the number of resulting avoiding manoeuvres will
basically depend on two parameters as given in Fig.2.
These parameters are :

# the buffer zone depending on uncertainties and
increasing with prediction time

# the effective flux of risk objects depending on

the shielding limit d.= (see Fig.l) and the
total object flux (environmental)

No. of avoiding _c_

I manueuvres / m°nth / _o.

1

eft. flux of objects > dmox

The increase of the ]Ititude profi]e can be seen
as a part of the schedulded altitude keeping strategy
which is required anyhow to balance the drag.
Additional fuel would not be necessary.

avoid orbit

;nitiO_ orb_f _._.

"'.-x

|on 9. extro

vo'oci<+y dv

in;llol slotion

posilion at In

statLon position

Pn of In

tim, tn = (n-I/2)'T

with:

T = period of the iniliol orbit

n : hurt, her of inilioi revolutions

d :- position chongl

Fig.3 A possible collision avoiding manoeuvre

The position change o (given in Fig.3) depends on

the velocity increment dv and the time. If a specific
position change is required, Fig.4 gives the velocity
increment needed as a function of time since the

manoeuvre. A position change of 200xm requires, for
example, an extra velocity increment of 0.8 m/s, if

the manoeuvre is performed one day before.

Fig.2 Number of avoiding manoeuvres as a function

of eft. risk object flux and buffer zone

A possible avoidina manoeuvre

First of a11. .he feasibility of a collision
avoiding manoeuvre itself is of interest and is

discussed in the following under the assumption that
the point in time and the region of an upcoming
collision is known in advance. This would, for

example, be possible for trackable objects (after an
orbit prediction) at present.

One possible manoeuvre consists of a tangential

thrust pulse which increases the semi major axis of

the space structure orbit (see Fig.3). The
consequences of such a manoeuvre are:

- an inc;,ease of the orbital period of the space
structure resulting in a changed position as a
function of time

- a change of the eccentricity ef the structure
orbit

- an increase of the structure altitude profi;e
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Fig.4 The extra velocity needed for one avoiding

manoeuvre as a function of position change
(see Fig.3) and time

A m_noeuvre as described above _ems to be

appropriate in order to avoid a collision. But it can
be performed on]y if there is some kind of

information on an upcoming collision in advance.



Detection of risk obj.ect_

In order to have tLe information on an upcoming
collision in advance, first the detectlon of the risk
object is necessary. Based on the detecticn subse-
quent procedures, e.g. determination and prediction
of the risk object orait, can be performed. The
detection could be obtained by the use of :

# radar

# infra-red sensors

# optical sensors

located :

# on ground (currently r_dar ava.lable for
objects > 7-10cm, planned for
objects > i cm)

# on-board the space str_cture (not yet available)

The planned ground based radar is not designed to
track and catalogue debris objects > Icm in a way

comparable to the current practice concerning the
objects > 7-1Ocm. A completely monitored debris
environment, that enables an orbit determination of

all objects down to I cm or below, will not be
available in the near future. Hence only about 104 of

the risk object flux, i.e, the larger objects, will
be determined individually by greund based systems.

On-board detection systems of a concrete design
are not available at present. But they may become

interesting if the necessity, feasibility and
efficiency of collision avoiding manoeuvres based on

such systems can be shown by a final assessment.
During this assessment there may occur some relevant

requirements to such detection systems, so that their
possible development may be much more effectiva. As
it was announced, an optical on-board detection

system (telescope) is being developed by NASA
currently and sha_l be tested on-board the Space
Shuttle.

The on-board detectio_ of risk ob.iects

In the following the orbit mechanical feasibility of
the on-board detection of risk objects is considered.

The technical solution of all relating problems may

be assumed at this stage of the analysis.

The use of an on-board detectiom system requires
that risks objects are detectable, .i.e. visible
within a specific range, a certain time prior to the

collision. This tim_ must be long enough to enable
an avoiding monoeuvre but on the other hand it must

not be excessively long to limit the uncertainities
of the subsequ_rt risk object orbit determination and

prediction.

Fig.5 is valid under the assumptions of near
circular orbits of the space structure and the risk

object, similar orbital periods and no relative drift
cf the orbital planes. If a collision occurs at the
intersection of the orbits, the position of the space

structure (at the time the risk object passes the
intersection during t!.e last four revolutions prior

to the collision) shows a constant drift P,. If now
P, or n'P, is within a specific range, a detection is
poss ib ]e.
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Fig.5 The possibility of the on-board detection of

risk objects

Example:

With P,=10Okm and a detection range DR=20Okm, two
detections (about 1.5 and 3 hours prior to collision)
near the intersection of the orbits would be

possible. The final detection, which occurs about
Imin. prior to the collision, would not enable an

avoiding manoeuvre as described above.

In the following, several influences on the on-
board detectability of risk objects are discussed.

Ratio of orbital periods

The ratio of the orbital periods of the spacecraft

and the risk object obviously has a strong i_fluence
on the detectability. Fig.6 shows the distance P, as
a function of DA, i.e. the difference of the relevant
semi major axis of the orbits of structure and risk

object and determines the ratio of the orbital

periods, after one revolution of the risk object.For
this calculation it was assumed, that the orbits of
the risk objects are elliptical ones, whereas their

perigees and the intersection of the orbits are
identical as shown in Fig.7. It can be seen from
Fig.@ that there are also elliptical orbits, which

enable a detection. The orbit of the space structure
is kept at an altitude of 400 km (near circular) from

practical reasons like the currently discussed opera-
tional orbit for the space station.
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Fig.6 The influence of the orbital period on the

on-board detectability of risk objects



Fig.7 Examp!eof ri_k objectorbits with various
orbital periods

Prewarninq time

If we now _xamine the detectability not only du-
rh_g one but during several revolutions of the risk

object prior to a collision under the conditions
listed above, than the relative number of orbital

periods, which meet the detection requirements,
increases.

Inclination of the risk cbject orbit

In practice there is a relative drift of the

orbital planes of the space structure ar,d of the risk
objects due to orbital pertubations.?he result is a
movement of the intersection of the orbits as a

function of inclination, semi major axis and time.lf,

for example, an initial intersection is given at the
ascending node of the orbits, the resulting drift of

the intersection is given it, Fig.8 as the angle S.
This movement of the intersection is given in Fig.9
as a function of the difference of the semi major

axis and the inclination of the risk object orbit.

Fig.g indicates that this movement angle S can amount
up to 60 dog within one day for specific

inclinations. The angle T, wh'.ch is given in Fig.8
and also depending on the inc]ination, has an
influence on the tin_ between two subsequent

intersection passes of th_ risk object. The
detectability of risk objects obviously depends on
their orbital inclinations too.

_//'_. relative

//_ y"_ dritied!e_,

( //>?,i)
', L<__/ :

t->C ,'--, I

Fig.8 Geometry and drift of an orbital intersection
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Cur:ent flux of r1_k objects

0n_y objects larger ,_an7-t0c_can be try:Led and

catalogued at present. 70 asses_ the on-beard
detectability concerning the :'isk objects down to ]cm
a flux mode!l created by a sim_lation _ was used. In

the previous chapters the semi major axis and the
orbital ipci_naticn of a risk object have been

,_entJfied as parameters which have a relevant
influence on the deCectabilit}. The semi major ax:s
cistribution of the fiuxmodel is given in Fig.1O for

_n aJitude of 40Dk4. The two :urges cf thi_ figur,t
are representing the following:

(I) the relative number of risk objects _hich

have a specific semi major exis

(2) the relative contrlb',tion of such a class
of objects to the to!al collisio: risk,

i.e the risk object d_,tribut_on

It can be stated from Fig.10 tnat ;_oFe than the
half of the collision risk at an altitude of 400km is

caused by objects which are on orbits that nave
orbital periods similar to that of a space structure

operating at that altitude region.

REU CONTRIBUTION [_]
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Fig.10 Semi major axis distribution of risk objects
larger than Icm end_,.gering a spacecraft at an
altitude of 400km (model _)
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?:;.11 i<:];rat_on cistritat_on of risk objects > icm
e_ca_;Gerlc _ a spacecraft at a_ altitude of
400_- versus t_e semi :,ejor eats (model 3)

0n-_oard detectability of the modeled ris} cb]ects

The orS:t mechanical feasibility ant efficiency of
poss;_!e -_-board deteczic of risk objects prior

tca col!_son has be_n analyzed using the flux n_del
reset;bed a_ove. The individual collision probability
cf each risk object has been taken into account.

F_g.12 sno_s the _e!ative number of risk obaects
that can be detected by a system located on board a
space structure, prior to their possible collision,

as a function cf the pre_.arning t;ne. The other

parameter _n this figure, th. number of detection
periods, deszribes how often an individual risk

oDiect can Le detected withir this prewarnirLg time
l:r_or to the collision. Here the above mentioned

relation between the number of detectable objects and

the pre_arn_ng time becomes obvious. During the last
day prior to a col-lision about 30_ of the relevant
risk cbjects are detectable once by assumin 9 a

detaction range of 500km. Within the last week this
portion _ncreases to over 90_,. On the other hard
there are _ewer objects, which can be deter ed twice

or three t_mes within a specific pre_arning ._me. The
necessary number of detection periods is o_scussed
later.

_L _,_E[_ cr _';_,: CL_ rGT_ DEIE ._BLE P_!OR IO A COLLISION _%]
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, u l 12b 
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p_EW/._h;s3 TnwE [O_kYS]

F_g.12 Relate.re number of detectable risk objects as

a funct:on of pre.arning time and t;ie r.,mber
of inw._, _dual detection periods
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Ihe in_laence of the _etection range on the number
of detect_le r_sk objects _s given in Fig.13. Here

again one detection period _S valid and detection
ranges of 500km and 250km are compared. AS can be
seen from this /igure there is a ratio between the

t_o c_r_es _hich is obviously depending on the
prewarni_,g time,

CNE 13_[ _Ol_E DCT[C:ION5

Fig.13 Relati,e number of deter*able risk objects as
a functior of the detect;Jn range

Another interesting question is, how the overall
detectability is distriLJteJ ever the classes of risk

objects. According to the above considered fundamen-
tals of detectability, the relative number of detec-

table objects as function of their semi major axis is
given in Fig.14 for various prewarning ti£_s.

_Z!_ATIVE NumBER OF DETECTABLE F:SK _?JECTS PER CLASS [%]
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Fig.14 Relative number of detectable risk objects a_
a function of the semi major axis

The major _ncrease of the overall detectability as

a function of pre_arning time can be stated for lower
risk object orbits. The _eteczability of objects on

highly elliptical orbits (DA > 10,000km, see also
Fig.i) is not impcove_ significantly by the
prewarning time and amounts about 30%, The
detectability of an indizidua) object and the risk of
its collision with a space structure are airectly
linked (see also Fi§.]0).



The on-board detectability of objects on highly
e11iptical orbits is as poor as it is by using e.g.

ground-based radar. But their contribution to the
total risk, i.e to the risk object flux, is minor not

only Cue to their number but also due to the indivi-
dual risk they are posing.

If the absolute number of objects • Icm on such

orbits increases (e.g. du_ to future upper stage Colh_on
explosion etc.) or the flux mod_l that was used does
not apply exactly to this orbits, the overall
detectability given in Fig.12 and ]3 _ill not be
reduced significantly as long as the order of

magnitude of their total number will not change.

Individual simulated detection of risk obiects

In order to enable collision avoiding manoeuvres
not only the on-board detectability of risk objects
itself but also the kind and qualitity of object

related data that can be gained by one or a number
of subsequent detection periods is important. The
information that there is an object passing the orbit

of a sp_ce structure is not sufficient enough to
decide, if an avoiding manoeuvre is necessary. In the

following some examples of individual simulated
detections of risk objects are given. An on-board

detection system was assumed to _ available.

z [km)

similar orbital periods of risk object and structure

xz-piane see Fig.15

Fig.16 The encounters of a risk object within a space

structure's horizontal plane a few hours prior
to collision

A computer simulated detection system installed to

scan the xz_plane (horizontal plane of the space
structure as shown in Fig.15) would see a risk object
prior to collision as in Fig. 16. In this example the

orbital periods of the risk object and of the space

structure are very similar and a detection range of
500km is assumed. There are four detection periods

(I-4) of I to 2 minutes each during the last I0 hours
and a final detection (5) prior to collision.

The example given in Fig.16 enables not only
tracking of the risk object (in order to determine

and predict its orbit), but also a somewhat easier
method of risk object identification. If the infor-

mation given in Fig.16 is available, the following
conclusions can be drawn :

In the vertical plane (x,y-plane, see Fig.15) the

risk object occurs in a distance of about 30km.
Therefore it is sufficient to scan the horizontal

plane with very small angular deviations. This
behaviour is similar to the typical angular distri-
bution of the impacting object flux I'4,but does apply

during the last day prior to a collision only.

Y

flight X_

space

- after detection period no.2 it can be state' that
two encounters did occur out of the same

direction (azimuth within the horizontal plane)
after one revolution of the space structrure.

1.Conclusion : The probability, that this is one
and the sa._. object, is relative high. A risk

object seems to be identified because the closest
distances during the detection periods are becom-

ing smaller. A first information on the orbital
period of the object is available.

l.Action: Prediction of the next encounters and a
first estimate of the closest encounter that

will be possible

- within detection period no.3 again an encounter
occurs out of the same direction

2.Conclusion: The detected object is a possible

risk object. The updated orbital period cf the

object including the orbital descend due to aero-
dyamic forces becomes available.

Fi(_.15 The horizontal plane of an on-board detection

system 64

2.Action: Improved prediction of the closest en-
counter that will be possible and decision upon
the necessity of an avoiding manoeuvre.

In this case the time remaining for a manoeuvre
would amount about 3 hours. The manoeuvre itself (see

also Fig.3) now would be to raise the orbital period
of the space structure by a very small thrust pulse

in order to change the point in time of the orbit
intersection passage.



_ut the example given in Fig.16 does not apply to
all possible on-,_oard detections. In other cases unly
one or two detection perioas occur several days prior
to the collision and the procedure described above is
not applicable. The encounters within the detection
range then would not take place in the horizontal
plane exclusively. Some encounters are possible also
from behind the space structure. So in a number of
cases the risk object has to be tracked and its

o_bits has to be determined and predicted.

Uncertainties of collision prediction

In all cases of a detection, especially if a

complete determination and prediction of the risk
object orbit based on t_acking is required, there
will be uncertainties. Therefore a buffer zone around

the space structure and alongside the orbits has to
be taken into account. The uncertainties, which are
increcsing with prediction time (i.e. prewarning
time), at? induced mainly due to the following data:

- tracked position and velocity of the risk object

- mass to area ratio of the risk object (especially

those varying with time)

- environmental estimates (solar flux, geomagnetic
index)

Compared to the position of the risk object as a
function of time, the position of the space structure
will be predictable much more precisely.

The uncertainties and the resulting buffer zone are

raising the number of predicted collisions and of the
subsequent avoiding manoeuvres (see also Fig.2).

Summary.

A final assessment of the feasibility an_
efficiency of collision avoiding manoeuvres and of
on-board detection of risk objects is not p_ssible at
present. More analysis is reqiured and work cn these
subjects is going on.

But some preliminary conclusiors can be drawn. The
necessity of avoiding manoeuvres is given due to the

fact that not all the impacts of objects endangering
a space structure can be made ineffective by
shielding. In case _f the larger objects (which can

be tracked and catalogued at present) collision
avoidance is required anyhow and will be part of
future mission;.

The aveidin 9 manoeuvre itself (tangential thrust,
raising the orbital altitude) can be performed with

less than Im/s velocity increment. This causes a
position change of the space structure depending on
tine which scen,s to be sufficient. Additional fuel is

not requi:ed, for these manoeuvres are part of the

schedu_de_ altitude keeping strategy.

systems have to be analysed in detail in order to

determine their res_Iting efficiency (detection
ranges, uncertainties of detection in view of the
buffer zone etc.).

So it seems possible that collision avoiding
manoeuvres can make a substantial contribution to the

safety of future space stations, space transport
systems and pl_tforms in the present and future space
debris environment. In order to come to a final

assessment, a!% single aspects have to be combined to

a model of spacecraft operations including avoiding
manoeuvres. Future work will also include

specificatiml of required detection systems and
optimization of the methods and algorithms used.
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In _rder to avoid also collisions with objects that
can n(t be tracked and catalogued by ground based
systemc, the on-board detection of risk objects may

be a feasible procedure. The portion of risk objects,
that can be detected by such a system in advance, and
the prewarning times occuring are admitting of this

conclusion But the special characteristics of such
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ENVIRONET: A SPACE ENVIRONMENT DATA RESOUKCE

Michael Lauriente and Walter Hoegy

NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771

Abs_ad

This papex reviews the features 04" EnvuroNqET that

make it a valuable space data resource. This computerized dam

base provides rapid access to the lmest mfoanatJ_n on space

debris and otber space en vironments and _t interactions

of importance to the space community. Although originally

conceived as an information resource forSpace Shuttleusers,

EnviroNET has expanded into other areas including space

debris and the near-Earth environments of potential interest to

the conference attendees.

The presentation of EnvuoNET at [his conference is

intended to spat the interest of the space debris community to

conu'ibulcm our knowlexlge base so thai users will be updated

on [his critical problem. This is a NASA seJ-vice facility that

can provide the spacecraft designers with on-line or dial-up

technical information on environmental conditions. Included

in the system is an mtcracrave graphics facility to model debris

collisions likely to be enc_ .,qlccd by spacecraft in a variety of

orbital regimes. Fig. I illuswatcs the advantages of this system

for the potential user.

In particular, the system incoqxxa_ a combination of

expository textand numercal tables and programs that cunendy

model several natural environments, including space debris.

The text is under conJinuous review by technical subpanels of

experts (each corr_ng to[he subject areasof[hedatabase)

who correct and augment the database to keep it accurate and

current. A pamal list of the current topics contained in

EnviroNET is shown in Fig. 2.

Copyrlght © 1990 by the American Instituleof Aeronauti_

and Astronautics,Inc. No copyri|ht isau,crtedin the
United Slat¢_under Title17, U.S. Cod_. The U.S. Govern-

ment has a royalty-free license to exercise all rishts under
the copyrilhl claimed herein for Governmental purpose.

ALl other rishts are reserved by the copyrisht owner.

ENVIRONET

•Cenlxalizedcompuu=-base_ informationor_nazwal _d

indtw.edenvuoPa_entofshu-leand spacesLauo,_

• Based on n_asured data (shutde) and _np, ncal modcL_
validated by dLsoplin¢ pax_Ls

• For sc_"n_ts and engmeas usem the ciesig_aand data
malysis of _ght hardw_e

• Mainuun_ cm'rem by NASA through cooperative efforts

of indum% other goverran¢_nt agencies, wh¢ Et_opcan

Space Agem.'y.academia,and theNASA conunumty

Fig. l Advantages of EnviroNET

Following a brief description of [he data base as a whole

and as an illusu'ation of its contents, two areas of du'ect

importance to this conference, space debris and risk

management, will be discus._d tn more detail. The paper

concludes with a call for the conference attendees to rev,ew

EnviroNET and to recommend changes so [hat it can better

support the spacecraft community.

Fig. 2 Current Topics
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_.ariy m the development of the Space Shutde, payload

planners recogmzed hte need for a detaded descnpuon of the

environmental interacuons with the Shuttle and its payloads.

The extreme complexity a,"L size of the Shuttle m:*de it very

difficult to chara.: e;,ze these environments by direct

computation. At the urging of the NAS _,payload community.

the Shutt!e Program agreed to .qy instruments (in earl) rbital

.',-tight Fests) that would measure various elements of payload

environment. In Lhe fall of 1982, NASA conducted its first

Shuttle Environment Workshop _ to de,_.cd',¢ what had been
learned from these rneas_e, ments. This led to concem_ voiced

with regard to the need for up-_-oate mfl_rm_aon, on a

continuing basis, about these and new concerns. To address thz

issues, NASA's Office of Space Science and Application::

(OSSA) requested that a focal l_nt be established 'or this

envtronmenta: information, and that the activity be coordinated

with other NASA centers, government agencies, and the user

community. In mg,-1983. Shuttle Payload Engn_eenng

Division asked that Goddard Space Flight Center (GSFC, lead

an Agency-wide effort to identify Shuttle environmer.t data

if,at could be used by Shuttle payload planners and dev,:!opers.

It also suggested that the clara obtained from this activity be put

into an electronic database which could be accessed by any

interested user from its work place. It is from this concept that

the current EnviroNET reformation resource gre_.

A mulc center Shuttle Environment Working Group

(Fig. 3) 2 was organized through the efforts of OSSA and

GSFC, with a Working Group established to prepare the

charter and framework within which this group would function.

Fig. 3 Working Group Organization

The ultimate goal of the Working Group panels was v. r,stabh sh

a comprehensive database of curr_ at information reg,itding the

_huuae Environment, readily accessible in a user-fnend:y

format. Specific objectives for the Shuttle EnvLronmem

Working Group, the working grou_ _vere:

Assessing the user requirements for environmental

data at all stage3 of expenn_ent def'mitaon and

developmem

• Obtaining and chsail mg the !xmnent environmental
data from available _urces.

Working with the sources to obtaina common

database that would be reviewed by experts in
the specific areas.

• Developing an information accessing system that

would be user-friendly.

• Providing a network accessible by a wide variety of

existing computer terminals and peripherals.

Coordinating these activities with other NASA

centers, government agencies, and the user

community.

The Working Group began orgamzing i_ late 1983. Three

.major panels were established with the functions a,.'_iduties as
follows:

The Natural and Induced Environments Panel

(Fig. 4) gathers and organizes data for input into the
database

* The User Panel (Fig. 5) provides for interacuon

between disciplines and users.

The Information Management Panel (Fig. 6)

provides the database structure and manages the
database.
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NATURAL AND INDUCED

ENVIRONMENTS PANEL

l¢lots'n_

Fig. 4 Natural and Induced Environments Panel

USER PANEL I
I

, I

L _t-='l', 'll 

_L ._./ L...._.

Fig. 5 User Panel

INFORMATION

MANAGEMENT

PANEL

==TlnN I

VlD61 I

L I -
Fig. 6 Information Management Panel

Subpanels were created to address each of 10

environmental interactions identified as cnucal to the Shoule

program (F=g. 4). These mtcu_tion areas were subsequendy

f'dled m at a series of workshops over the last 6 years (see later

examples). Currently, more specific tailoring of thedata base

is underway, with models under deve!or_n,ent to provide
tabularoutputsto the screenor to files, azd for plotting the
environmental parameters for the models. Orbit dosage

models designed to al;ow the user to predict the radiauon

dosage for a given orbit or to pt-cdict densities and temperatures

encountered along a given orbit are nc 0_ available. Computer

models are being expanded beyend the current models

(thermosphere, ionosphere, energetic panicles, magne_ field)
to include gravity, radiation, melcoroids, space debris, and

spacecraft anomalies. A simple spacecraft charging code is

plannezl for future on-line use.

EnviroNET and S_m_ce Debris

The main En_roNET to_c_d areas of mtexest to space

debt•sere foundin Sec6ons8.8.2 (Fig._. Natmld F.nvironmcnL

A slam smmna_ and rationale for each of these chapters is

Wescnlcd in the following. As these sections conlain a

_¢mendous amount of data on the pmlk u_r topics, it will only

be pos_bk m provide a brkf overview of each (we urge the

reader to acm_ly try Env_roN_T, don't just read about it!).

Fig. '7 Space Debris Section in EaviroNET
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The Natm-al Environment section excludes the induced

environment or other effects resulting flow the presence of the

orbiting vehicle. Man-made factors such as space debris and

radio frequency (RF) noise generated on Earth were included

as part of the natural environmem _cause ,!iey form par,_of the

ambient environment that the spacecraf_ experiences. Each

subsectioncontainsan explanation and numerical description

of the natural environmenz phenomena to which it is devcsed.

It was intended that these data would be sufficient for defining

mos: preliminary hardware and experiment concepts. It is

important to note that many of the natural envL,onments

discussed in EnviroNET are functions of time, varying with the

solar cycle and the strength of the Earth's magnetic field, as

examples. Thus, for critical applications, it is not only

important Io use an accurate mtxlel but also the most up-to-date

solar activity and field strength predictiom. EnviroNET

attempts to 9govide wherever possible specific instructions to

the user on what is actually required and reformation on

possible soerces where day to day data are. required.

Prior to 1957, there was no known spacedebrisbecause

man had not o¢oited anything. However, in the decades that

followed, many sa_Uites were launched and material began to

collect in low earth orbit (LEO). Now the amount of space

debris is far larger than the meteoroid material below 2000

kilonw.ters altitude (200 kilograms for meteoroids: 2,000,000

kilograms for _lce dc.bris). Unlike n_6t_roids v_hich have an

exponential decrease with increasing size, significant space

debm mass is concemrated in objects several meters indiameter.

It may not be obvious that objects at the same orbital

inclination pose a clanger since the diffe_ntial velocity could

be small. However, over the years, the deb_ is spread over

longitude mfformly due to even small differences in orbital

period or inclination and thus, can possess large differential

velocRy even at the same inclination.

North American Air Defense Command (NORAD) has

trackeda total of 16,(]00 objects in the last few decades. Ore:

6,000 objects remain in LEO. The remainder deocb/ted due Io

atmospheric drag. Howevex, the NORAD tracking system can

only track objects largerthan 10-20 centimeters so smaller

objects which would be very large meteoroids are not monitored.

Figure 8 shows the projected space debris flux

compared to the meteoroid flux) This projected flux is based

on NORAD measurements (sizes larger than 10 centimeter),

telescope measuremeats (sizes larger than 1 centimeter), and

spacecraft impact measurements (sizes smaller than 0.02

centimeters), as well as projected growth rates. The average

debris impact velocity is 10 kilometers per second and mass

densities are about that of aluminum (2.8 gm/cm 3) for sizes
smaller that I centimeter.

Figure 8 ProjectedSpace Debris Flux

New studies of _.pac_ on _ spacecraftsuchas

pan-.is _ Solar Max indicate that at sizes below 0.05

ce_timete._, space debris such as gaint flakes or aluminum

oxide pieces from rocket fuel comprise more than half of the

knpacts, This indicates that space debris may follow a curve

similar to meteoroid_ below I millimeter m diameter, and that

the flux shown in Fig. 8 raay need to be increased by about a

factor of 10 for sizes smaller than 0.01 centimeter. This should

be consHo'ed in design studies.

Stepshave been taken m the d :zign of recent spacecraft

to minimize the space debris hazard. For example, unused
rocket fuelin booster rockets isburnedsothatit will not later

explode and create significant space debris. However, the

hazard will continue to exist and must be addressed for vehicles

with long mbital lifetimes and large cross-secuons. :t is

plausible m expect that by the yeP.r 1990 space debris will be

dominant by at least a factor of 10 over the natural meteoroid

flu_ in the m:'.limcter and larger sizes. Howcvcr, these

changes can _'_otbe accmately wedicted.
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Figure 9 is an example of a user friendly model for space

debns.' The input paramete_ are on the left and input ranges

on the right. After the computer is asked to run the model with

keyed in values, the ouqgut then appears on the bottom of the

split screen.

Fig. 9 EnviroNET Space Debris Model

Risk Assessment for Desipn

To understand thoroughly, risk in complicated systems

reqmres analysis at several levels, and these analyses must be

carried out iteratively. The first step is to identify the hazards

and risks that are inherent to the system. The second, and most

complicated, is to calculate their causes and probabilities for

various designs. This will involve many iterations and trade

studies. The third, and most difficult, is to decide what risk can

be accepted. Obvnously the risk must be lower foT catastrophe

than fof an hour's communication outage, but in every case the

risk is not zero, and the choice is psychological, economic and

social, but not technical.

It is convenient to separate risks arising from operation

of equipment from hhose resulting directly from the effects of

the natural environr,:ent. In the first ca_gory, for example, are

the risk of ekctroc ulaon, of failure of data links, of a propulsion

system, of poisoning by fo _ling of the breathing atmosphere,

etc., a very long IiSL Naturally some of the.se risks result from

having tuilt a machine to operate in space. But other hazar:ls

are caused m'_re direcdy by the natural environment. The most

significant are damage by metcoroi,3 or ¢¢bn_ strikes ard

damage (both to crew and equipment) from peneu ding ionizing

particles. Addiuonally, changes in tt, e neutral atmosphere

density can ch._ ge altitude _.,d atlat'_o, timelines and orbital
decT,,.

The spacecraft or payload design should be assessed

against the most severe combination of natural environments

derived from this document for operation within the orbntal

design range.

U?datin_ EnviroNET

EnviroNET Lsa living document. We havejust keyed

in the complete report on orbital debris by the lnteragency

Group(Space). _ Thus, workshops are conducted periodically

for the panel leaders and subpanels. The results of these

workshops are printed as a working document for the purpose

of planning improvement of the services to users. These

documents are available upon request. As an example, at the

mini-workshop held by the Natural Environment Panel,

recommendations were made to add models that will generate

energetic electron and proton environment values for a point in

space, calculate orbital integrations of panicle fluence, provide

magnetic field traces and calculate ionospheric parameters.

Besides now featuring interactive software, the system will

eventm;lly simplify space environment mission analysis.

En,,_-oNET is an operational system available to the

scientists, engineers, satellite operators and usersconcerned

with sp_ce environments who have access to a terminal or dial-

up pon. It is a tail node on SPAN accessible directly or through
the national networks via NPSS. The Env_r_NET staff

welcomes comments and suggestions for how to improve this

service. In particular, spacecraft charging is an area that would

greatly benefit from the services that EnviroNET could

provide---by serving as a source of computer models of the

environment and charging, through lists of electrical properties

of materials, and as a clearing house for the most recent papers

and results. To summarize, the benefits to using EnviroNET

include:

1) Validated NASA environmental information and

interactive space models

2) Facilitated analysis of the natural space
environment for raissions

3) Easy access to expen assistance
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Appendix: Using En +iroNET

The following is intended as a very brief introduction to

using EnvtroNE'l and it structures (for detml._ the :,otential

user is referred to the "EnviroNET User's Guide") _.

SpecificalJy, the flies, stz=red on a MicroVAX II compute, at

Goddatd Space Flight Center (GSFC), can be accessed 24

hours a day by the user via mcxlems or the N A:_A Space

Physics Ana2ysis Network (SPAN) 7. SPAJN is avaJlabL via

more than 1000 space s"ienee computer systems througho': _,

the U.S., Canada and Europe. The database retrieval _ogram

features many user friendly options includir_g transportability

ofdata, software, and intera_ i'.e "-,mput.er modeling capability.

EnviroNET is accessed through the ver¢ well known

SP._N system. SPAN uses Dig,_tal Equipmen, Corporation

computers as network nobles (usually already paid for by

NASA for a wide num_r of missions), _nd communicates

over a c3mbination of leased circuit switches and packet

switching lines using the DECnet protocol, The SPAN topology,

Fig. _O, features four primary routing centers in the United

States: Goddard Space Flight Center (GS _C), Jchnson Space

Flight Center (JSC), the Jet Propulsion Laboratory (JPL), and

Marshall Space l_ight Center, (MSF'C), as well as one routing

center at the European Space Operations Center (E,_OC) in

Darmstadt, Germany. There are approximately 4000 registered

SPAN nodes. EnviroN-ET may be acce_,sed via modem-

equipped terminals, SPAN, or network servers at th_ form: g
centers.

The SPAN .system allows the space scientd_c community

to ,hare information at speed of light' The network supports

.'_ _c_smission and receptaon of manuscripts. Data and

Graphics fi'es can be transferreo between network nodes. The

graphi_ bit map progr,:_.mwritten for EnviroNE "r has a

,.ansparent data compression prc_ram for speeding the

transrr! ;sion of the _lzrapho SPAN now supports several types

of network-tc_ aetu,<_rk ce,,anections which provide access to
SPAN. s

One*. the user reaches EnviroNET, he is presentea w_th

the '*Ma,n Menu". The Mare Menu system 6, Fig. 11, _.vhtch

controls the Envi:oNET activity on the MicroVAX II, is

frequently t, txlamd in response to user su_gestior_ and changing

needs of file database activity This menu allows or_e to run

BROWSE, access the data files, download graphics and text,

send mail to the system manager, read bulletin board notices_

use the models or exit the ;_'stem. /'he pnncipal retv,_val

program, called BROWSE, is continually being updated in

response to user and subpanc ; suggestions. W;._, BROWSE,

simple coma_ar,! choic_ allow one to page throut_h the

EnvitoNET database sequentially, or juror topoi_,, ofim_rest.

T: use BROWSU one muir_ have a VTI00 compatible
termihal or emulation. BROWSE has th_e menus: ,Main

Topics, Data and Table of Contemn/Index. One can move

among the three menus tc any part o_ the database, or back to

the Envu'oNET main menu with a single keystroke. As you

BROWSE about th," database and ch;mge ;_enus, :he

inf,_auon on the terminal screen will change, but the basic

layout of the screen will remain !he same. It, formation is

displayed _,nthree w_ndows: the page window a: me top righL

the data window at the center, and the option _indow at the

bottom. Fig. 12.

.2

THE SPAN TOPOLOGY

_.._,._" _ JPL GSFC

IITa_LAO _ 1._

%_._,,'. ,...........

• * * • :',ISFC _'_ o.col

_J
Fig. 10 The SPAN Topology

Fig. 11 The En_iroNET Main Menu
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Window

Fig, 12 Screen did;day showing "windows"

Fig:_re 13 is an examrde of a user-friendly model for the

1986 Mass 5.;_ctrcmeter Incoherent Scatter Model? The

boundary condiuons are shc,_vn above _,s input parameters.

The output on the right is blank unlal the model is run with the

keyed in values. A surface plot from the output of the mc,'lel

for atomic oxygen is shown i_ Fig. 14. In this part of the

system, one can obtain estimates of the atmospheric density

and temperature Such infor'nadon woul,d be _aluable for drag

ca;culations or calculating or, ygen erosion..

f

X_

\

MSIS Crcsh,cs

OF

Fig. 14 An example surface plot from the ot_ut of the
MSIS-86 Model.

F10.7=1$0; Ap=200; Lat=Long=0; Air= ;00

Fig. 13 User-friendly computer display for MSIS model

72



Acknowlt, d_ements

The in for_-,ation on modeling was conm_,uted by D. Bilitza, J.

Green. A. Hedm, and J. Vett_ of NASA_SFC. The author

ackno_ ledges indirect but valuable conlributions gained from

the Working Group th_ ugh many telecons, meetings, &qd

generalexchange ofunpublishedinformationFundingwas

provided by NASA Heacklua_rs, the Geophysical Labora_ry

of the Air Force Systems Command, Space System_ Division.

1. Proceedings: TheShuttleEnvironment Wod_sh_. Prepared

for NASA by Systemati_:s Corp., Contracz NAS5-27326, Fe,_.
! 983.

2. Wilkerson, Thomas D., Michael Lauriente,and Gerald W.

Sharp. Space Shuttle Envimmnent. Library of C_'lgress

Catalog No.: 85-81606, ISB No-939204-28-2

3. NASA/'Johr.son Spare Center $_:_andanl 2000i, "Orbital

Debris Environment for Space Stalion," 1985.

4. Kessler, Dona_ j., PhiIlip D. Anz-_A_a1_r, and Robert C.

Reynolds. OrbitalDebn_:Envimnmemfor 3mcecraftDes/gned

|30pefa_ in Low Earth OTbit, NASA TM.100471, 1989.

5. Report ot_ ,JTbital Debris by In_ragency Groei_Space) for

The Nalion_ Space Council Washington, D.C., Feot_m3,

1989.

6. The EnviroNET Us._r Guide. Code 41o., NASA/GSFC,

Greenbelt, MD 20770.

7. Green, Jzraes L., The Spare _r'hys/¢_ Analysis Network.

Compm:x Phv_c.5 Communication 49, pp. 205-2!3, Nonh-

Hol_nd, Amslerdam, 1988.

8. _cessing SP,:,N Ftr,_ Noe-SPAN lqock_ National Space

Science Data Center (NSSD_//Wmtd D_'a Cemer-A for

Rockets and Satellites ('WDC-A-R&S), NASA GSFC,

Greenbelt. MD. "r71.

9. Hedin, Man E., The MSIS-86 Thermospheric Model, J.

Geophys. Re., voi. 92, pp. 4648-4662, 1987.

73



ORBITAL DEBRIS ENVIRONMENT FOR SPACECRAFT
IN LOW EARTH ORBIT

Donald I. Kessler*

NASA ot._ason Space Center
Houston. Texas

Abstract Analysis of Earth Based Sensors

The results of measurements are constantly being
examined and combined with modeling results to
descnbe tlle orb,tal debris environment for spacecraft
wh,ch plan to operate in low Earth orbit. The
necessary aescripuon ts m terms of flux as a funcuon
of altitude, particle size. solar acuv_ty, and spacecraft
inclination, as well as the relative velocity
distribution. Lack of data and an inadequate
imderstanding of the environment usually leaves a
significant uncettmnty in the requ/red c-'Axonment
model. New measuremen,.s and better modeling
results are reducing some of these uncertainties.
However. uncertainties m future space activities
leaves a very large uncertainty for the future
¢nvtronmenL

Introduction

The natural meteoroid environment has
historically :-_.n a di_ign consideration for _acec.ra,_
S,Tes stun.tier than about 1 cm in diameter were the

major concern. Meteoroids -_e part of the
interplanetary environment and pass through Earth
orbital space. 1 Earth orbiting pay_oud5 and sFent
rocke_ stages act as sources of orbiting objects
smaller than I cm. Madie.matical models have

predicted, and measurements have coofirme_ that a
small, but significant fraction of the Earth orbiting
mass is found in sizes smaller than 1 cm. This paper
will review modeling and measurement re.suits which
have been used to formulate an environment model

that can be used for the engineering design of
spacecraft. While our tm,dersmnding of the current
environment has been improving somewhat, and is
expected to improve even more in the near future, a
very large uncertainty exists in the projected
environment.

"Pro_am ScientLst. NASAj]SC

Early in the space program, there was a general
percepuon that NORAD was h-,'ackmg "all man-made
objects". However. during tests with NORAD's
PARC radar, in 1976 and 1978. NORAD detected

between 7% and 18% more objects than were being
tracked. 2 While this was not a large number, it did
change the general perception. The new perception
was that NORAD was tracking most objects in low
Earth orbit larger than 10 cm. NORAD's exact
limitauons have never been released to the general
public; however, the limitation of 10 cm was based
or the fact that moa NORA/) radars operated at 70
cm wave length; consequently, objects samaller than
10 cm would have very small radar cross-sections. In
addition, very few tracked objects at low alan,des had
radar cross- sections corresponding to objects smaUer
than 10 cm, and this limiting size increased with
increasing alu_de. These three consider.ao_s lead to
the capabilities illustrated m figure I.

The responsibility for maintainingorbital element
sets has been transferred from NORAD to US Space
Command. These element sets can be used to

cld:ulateflintas a functionof altitude 3,asshown in

figure 2, where both the total tracked population and
only the catalogued population are plotted for
January, 198"/. The large peaks at g00 imp, 1000 inn,
and 1500 km are ;,he results of a combination of

sa_llim breakupsand heavy usageat these altitudes.

The effects of satellite, breakups can be modeled to
predict an uncatalogued population, if the nature of
the breakup is understood. Figure 3 illustrates two
breakup mass distributions from two different types
of breakups. These two distributions are compared to
an upper limit which assumes that all of the f_agment
mass goes into some preferred size. This comparison
shows that most of the mass h'om the Atlas missile

explosion went into fragments slighdy _ger than 10
cm, with a very small amount of mass going into 1
mm to I cm fragments. The hypervelocit7 test also
shows that most of the mass went i.'_tc targer
fragments; however a significant fraction of the mass
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also went into 1 mm to 1 cm fragments. By fimng
these types of dismbutions to known satellite
breakups, the uncatalogued populauon can be
predicted.An analysis in 1981 4 assumed thatmost

of the samllitebreakups followed the Ariasmissile
explosiondata.and predicteda I0cm populationthat

was about twice the cataloguedpopulauon. This
analysis was inconsistent with the PARC's radar tests
which detected a much lower uncatalogued

population. Consequcndy. the model in TM I00-

471 5 assumed thattheUS Space Command tracked
popula-on iscssenuallycompletetolOcm diameter.
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Figure 1. US Space Command
Sensor Altitude Limitations
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Figure 2. A comparison of the flu.z ariaing from
t_e January 1987 tracked popula_n (Analyst Set
plus catalogue) and the January 1987 Calalogae
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Figure 3. Expected number of fragmems from the
breakup of a 1400 kg satellite

In 1984, NASA began sponsoring a pmgrdm of
telescopic observations of orbital debris. Tim furst of
these was by MIT 6, which concluded that the 1 cm
orbital debris population was 8 _nes the US Space
Command Irackedpopulation.A reanalysisof the
data at the Johnson Space C_emer (JSC) concluded that
an improper parallax measurement had tagged some
meteors as being orbiting objects, and concluded that
the correct ratiowas 5 times the tracked population
during periods of excellent seeing conditions, and
twicethe catalogued population duringaverage seeing
conditions. In addition,radar,opticaland IR
measurements 7 of known orbitaldebrisleadtothe

conclusionthatorbitalfragments arc much darker

thanpreviouslybelieved,meaning thatthedebristhat
MIT detccte,d was largerthan Icm, beingcloserto2
cm to5 cm. Thisdetectionsizewas assumed in,_4

100.471. However, recentcalibrationof the MIT

telescopesatJSC has shown thatthetelescopeswere

not as sensitive as prcviottslybelieved; therefore, the
objec,s detected by Mrr we:e iar_ than 5cm.

A mo_ complete analysis of _clcsc_pic dam is
given by Hezfi_ 8 using the slightly less sensitive
telescopes of the US Space Command. This
wlcscopic dam indkams thattlmm aretwice as many
objectsinorbit Ire'get that I0cm than is catalogued,
and that some 1 meter diameter objectsare not
catalogued. This again appem_ to conflict with the
FARC's radar tests. A poss_l¢ explanation might be
that some fraction of smaller debris might happen to
appear brighter as it goes through the telescope field
of view, thus be described as a larger object.
Fluc.'uations in brighmess can be expected due 'o
distributionsin albedo, phase functions, and

orientation as the object goes through the field of
view. However, we have measures of these
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dismbuuons when satellites with known radar cross-
secuons went through the field of view. That is,
from the dismbution of measured bnghmess as
satellites of a g_ven radar cross-secuon went _hrough
the telescope field of view, we can de_errr, lne the
pn3babtlity that a gnven radar _-_,crior_ wiLl appear

an opncallylargerobject.

Using the dislzibuuono¢opticallydetermined
diametersforobJe_.ct_ofknown radarcross-secuon,as

gxvcnby H_nize 8,mc p_babilitythat_n opucally

mcasurc,islzcwould be larger _n its radar measured
size was _ctermtned, and is given in figure 4.
Consider, fen ,:xample. an object 20 cm in diameter,
as determme..d by ns radar c:oss-section. Multiplying
"f" m figure 4 by 20 cm, figure 4 says that mere is
about a 50% probability that any optically determined
diameterwould be 20 cm or greater,as one would

expectiftheproperaveragealbedoand phasefunction
had been assumed. There isalsoa 2% probability
Lhat the same size object would appear as a I00 cm
(f=5) optical object, or larger. Since over 300
unknown objectswc_ detected,most between I0cm
and 30 cm, chances are that several of the 10 cm w

30 cm objectswould appearm be opUcallyI rncte_m

diameter or larger, and this is _h_'t was observed.
Therefore, without a more complete analysis, it
would be premature w concludefrom the telescopic
observations that there are objects with radar cross-
sections as large as I meter that an_ not catalogued.
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Figure 4. Probabil_ that aa optically measured
size will be larzer than _ radar reinsured ri_

Now consider an object 5 cm in diameter, as
determined by its radar cross-sa_clfion. S_h an object
would have a near zero chanoe of being detected by
US Space Command's 70 cm radar wave-length.
However, figure 4 says that there is a 15%
probability that such a object wotdd appear opcw,.ally

as a I0 cm object or larger, and a 4% probability that
theobjectwould appear as a 30 cm objector larger.
If there were about as many 5 cm objects as 10 cm to
30 cm objects, then one would expect between 15%

and 4% of the unsown objecus[oactuallybe 5 cm
objectsthatappearedbrighter inthetelescope;th_sis
a smallfracuonoftheun_.o_ns. There would have

m be 7 to25 ninesas mar, y 5 cm objectsa_ i0 cm
to 30 cm objectsto account for the unknowns

observed by thesetelescopes.While such a large
nmnber of5 cm objectsishighly:mlikely.itcannot
be r.,ledout. Similarly,since there is a 0.3%

probabilitythata icm objectwould appear_ bnght
as a I0cm obJecL therewould have to be 300 umes

as many 1 cm objects as I0 cm objects to account for
the unknowns observed by these telescopes. Agmn.
such a large number is highly ,,mlikely, but carmot be
ruled out. Consequently, there are two possmle
conclusions: (1) There are twtce as many 10 cm
objects and larger in orbit than are catalogued by US
Space Command, or (2) There are many times the
number of catalogued objects in orbit with sizes
slightly srnaller than 10 cm. The more probable
conclusion is the first one, although there is certmnly
a smMl fraction of smaller than I0 cm objects that
were detected beca0.tse they appeared to be larger than
10 cm. Therefore, we are faced with question of why
the US Space Command radars are not uacking these
ob_cts. To answer this question will require further
=sealv_

Analysis of Space Based Sensors

The first orbital debris measurements of very.
small debris resulted from examining the Skylab
IV/Apollo ,vindows 9 wh_h revealed alumim_-n lined
pits in about half of the hypcrvelocity pits found on
the window. Other experiments, such as Skylab's
S 149 Micrometeoroid Experiment and the Explorer
40 Meteoroid Bumper Experiment also showed
md/ca_ons ofmeasuring the orbital debrispopulation
ofdebrissmallerthan0.I ram. The Shuttlewindows

are examined after every flight for piuiqg, and some
windows have been replaced to ensure an adequate
safety margin when the Shuttle is relauncbed.The
largest pit found to date has a diameter of about 4
mm, and was first noticed on the 3rd day of the STS-
7 mission. These are the o_ly pits analyzed today to
determine the origin of theimpacting panicle; this
originwas concludedtobe orbital debris.

By far, the best dam m date has been from the
recovered Solar- Max surfaces. 10 Both the thermal

insulation blankets, and _dummum louvers contained
a signifr.,ant number of hole_ caused by hypervelocity
impact. While there_ a problem ofcalibratingthe
penetrationhole size to the impactingparticlesize,

the analysis to data has determined the relative
conmlmdon.s from meteoroids and orbital debris.The

analysis indicates that the orbitaldebris flux

domimued the particleflux for sizessmallerthan
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about 0,01 ram. although some secondary impacts
likely conlnbut_d w thts flax. Meteoroids domma1_l
the flux between abot_t 0.03 mm az,d 0.2 mm par-,.tcle

impacts by about a factor of 4 An extrapolation of
the data would predict that the orbital debris flux
would also dominate for particle sizes larger than
about l ann. A parucle producuon rate of about 100
kg/yr ts required to maintain the measured orbital
aeons flu_. if the pamcles were _ncircular orbits; less
mass _sre.qutred if the orbits axe e!lipuc.al. 11

"l-he LDEF was exposed to space for a longer ume
and has a much larger area than the Solar-Max
surfaces. It is expected that analysis of the impacts
found on LDEF will improve and expand the
measurements of the orbital debris flux in this s_Te

range. 12

The 1 mm to 10 cm Flux

Until very recendy, the flux between 1 mm and
10 cm was unmeasured. Estimates of this flux were

obtained by a combination of modeling a_;_ an
exwapolanon of Solar-Max and ground telescope data.
Such an extrapolation was the basis of the
environment given in TM 100- 471. The
extrapolation was reasonable since only a small
fraction of the past satellite breakup mass would be
required w be m this size region. In 1989, two te_qs
were preformed by the Jet Propulsion Lab. (/PL)
which would partially measure the flux in this size
range. 13 One lest was with the Amcibo radar, which
measured the flux between 2 cm and 0.5 cm, and the
other used the Goldstone radar, measuring the flux
betw_n 0.5 cm and 0.2 cal. Witl_ the erron of the

measurements, both tests agreed with the
environment in TM 100-471.

NW

Figare _. [2ncertainty in current environraen_ at
500 bn compared w TMIO0-471 envir_amea,"

and meteoriods

Uncertainty in the Current Environment

Based on the measm-amtentsto date, an esumate of
the uncertainty in the current environment can be
made. Figure 5 compares the uncertainty wire the
environment in TM 100-4"71 and the meteoroid
environment. 14 Except for the size interval between
about 2 cm and 1 meter, the modeled envu'onment ts
a good representation of exnsung measurements:
however, it is likely that the model does
underesumate the 2 cm to l meter populauon. Much
better dam is expected later this year that will better
define the flux in flus regnon, t5

All of the measurements were near 500 km

altitude or hngher. How the flux changes wuth
altitude is a function of the types of orbits
conmbuting to the flux. If all orbits are circular and
the source of debris is above the altim4cs of interest,
then the flux will vary as the inverse of the
atmospheric density. The reduction in flux of US
Space Command tracked objects with decreasing
altitude is a reflection of this. However, the flux of
tracked objects does not exactly follow this
relationship. This is because there ate sources of
debris within the altitude of interest; in addiuon,
elliptical orbits conmbute go tim flux. Both of these
factors contribute to the flux being more constant
with altitude. If there were a large number of
elliptical, orbits passing through low altitudes, or if
there were large sources of debris at low altitudes, it
would be possible for the orbital debris environment
to be larger at lower altitudes than higher altitudes.
Consequendy, unless the orbits and sources are
known, an additional uncertainty is introduced at
altitudes different than 500 kin. Figure 6 compares
the uncertainty at 400 km with the environment
model in TM 100-471. Again, the modeled
environment is a good _presentation of existing data;
howev_', the existing data is highly uncertain when
extrapolated to 400 kin.

The Future Environment

Many assumptions are required in order to
estimate the future environmenL These include the

future tralT¢ model, satellite fngmentati ,n rate, aad
solar activity. Even if these were Imown, there may
be some unmodeled source of debris which may be
imlxmanL However, some bounds can be put on the
future environment. Since 1960, the rate of

catalogued objects has accumulated at the rageof 240
GbjectSper year. 16 However, this has been during
two periodsof much highe_ than average peak solar
activity, and also includestheperiodbefore the world
launch rate reached its current v_lue of about 120 pez
year. If one assumes that future s_lar cycles are

w
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likely to be average, then the period between 1966

and 1977 would be morn representauve of future

growth, uf there were no changes m cun_nl traffic and

satellite fragmentauon rotes. The accumulauon rate

du_ng this pe_od was about 300 catalogued objects

per year. or about -,% of the current populauon per

ye,?,f.

;:L5 1
_" F.\ 1

..°" 1

_ :e_ • ,

Figure 6. Uncerta_al_ (n cur:ent envtronmLnt at

400 k.m ten, pared to TMIO0-47!
envwonan_nl and mw_teoroidm

However, the US. ESA, China. and other nanor, s

plan to increase their activities in space, ff these

planned waffle models are exe_Lsed they will lead to
between 5% per ye.af and 10% per year incr,-..ases m

the accmnulation of mass in low Earth orbit 17, not

including an SDI deplcymenL Such an increase m
traffic co_d lead to satellite fragmel, tation rates

caused by random collisions to become [he major

souxce of debris, perlmps _ithtn [he next I0 years.

The rateof random collisionswas computed from

an alUmde dismbution of catalogued object¢ in 1989,

similar to the altitude distribution shown in figun_ 2.

It was assumed that half of the catalogued objects

were 10 cm in diameter (explosioo fragments), and

the other half were 3 meters in diameter (payloads,

rocket bodies, etc.). It was also assumed that the

catalogued population to a limiting size of I0 cm

should be doubled, and that all of these uncatalogued

obj_ts were 10 cm in diameter. Finally, it was

assumed that a cataso-ophic collision would result
from either the collision between two objects 3
meters in diameter, or between 10 cm and 3 meter

diameter objects. The equations for [his type of

calculation are given by Kessler. 1S The results of

thiS calculation was 0.12 catastrophiccollisions per
year. or one every 8 years.

Th)s is significantly higher than a prev:ous
cMculataon ba._-,ed on ',he 1976 populauon !9, which

was 0.,9;.3 per year. There are several rr.asons for

thss: The catalogued populauon has neatly doubled
since 1976. whmh alone would quadruple the ram.

The introduction of an uncatalogued 10 cm

populauon increased the rate by nearly a factor of

two. FtnaJly, osing these two s_zes to represent ,.he

true _tze dtstnbuuon wtll give a sl,ghdy htghe_-

collision rate; however, by averag:ng over

Inclinauon, and not using the _..,_tsured mclinauon

distribution (which tociotaes a large number of h_gh

lnchnatton orbits that have relatively high collision

pr_,babdiues) to calculate the coilis+on rates, the
calculated collision rate is too low. These last two

f_2tors should about cancel one another, so that a ram

of 0.12 per year is a realistic number for todays
population. Integr: :ed over the last 30 years g_ves

the result that an average of about 1 catastrophic
collision should have oct_ ,.,..-red to date. That is, from

Pmsson staus_c_, the_ is about a 63qo chance that

one or more of the 100 catast_phic samilite breakups
of the past was due to a collision, based on collision

probabdity alone.

The catastrophic collision rate can then be

projected into the future for different growth
condiuons. It is assumed that the "consa'amed" and

"high" waffic models can be _'p_oximated by 5% per
year and 10% per y-_.at grow',h rates m the amount of

mass to orbit, respectively (these two functions fit
well until the year 2010). It is also assumed that the

raoo of the number of 10 cm to 3 meter objects

remain constraint under a "conunued explosion"

policy, and that the absolute number of 10 cm
remains constant under a "stop explosion" policy.

Also considered i.s a traffic model tha/would result in

an accumulation of 300 catalogued objects per year ff

explosions were contimw.d, and an accumulation of

150 objects (all 3 meters m diameter) per year if

explosions were eliminamd. Collision fragments

were not added to the population since initially their
number would be small. The results are shown in

figure 7.

The catastrophic collisions which would take

place would nearly all be major in the sense that they

would produce a large number of fragment" at

altitudes where the fragments would ttmain for : ,g

period of time. Unde.r this defmition, them ha_,, only

been 5 major satellite b.-'¢akupsduring [he past ten

years, or an average rate of 0.5 per year.

Cor6e.quenfly, when the :andom catastrophic collision

rate exceeded [his value, it could represent a source of

debns which exceeds that of past explosions. This Ls
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important because the random collision rates are
proporaonaJ to the square of the number of object m
space: consequendy, the rate of growth of fragments
will be twice the rate of intact objects, to a first
approx_matlon. With a high traffic model or a
constrained traffic model, both with continued
explosions, this could happen in either 1997 or 2005,
respective. By eliminating explostons, the
con;_'mned traffic model could conunue unul 2009
before reaching a 0.5 rote. Maintaining a growth of
300 catalogued objects per year increases th|s ume to
the year 2014, and by eliminaung explosions, to

2026. The uncertmnty as to which of the conchuons
represents the fu:are causes a very large uncertmnty m
the future populauon.

CeuHtlroo_*¢

"o .0an o,q

IIIoql.. Nol04m.,r

Ime'¢ vtaN' ,o_

yeo¢

Figure 7. Ra'e that payloads, spent rocket stages
can be e.r.pected w cam._roptucally breakup as a result

of random collisions

Figure 8 predicts the future 3 mm population
under two possibdities: the conswamed traffic model
with continued explosions (the recommended model
in TM 100--471), and a continuation of the current

accumulation of mass rate (ie, 150 objects/yr, 3
meters in diameter), but no explosions. By the year
2020, there is a factor of 10 difference in these two
fluxes.
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Figure 8. Predicted future environments of debris
3ram diameter and larger for two growth condition _

Because of the positive response from recent
efforts by :he US to reform other nauons about
orbit,cAdebris, tt ts becoming less realisuc to aseume
that explosions wall conunue at thetr past rate. In
ad_iuon, fu_ -. cona'ols may be adopte, d so that even
htgh traffic into space would result in a small
accumulaaon rate of debris. _f so. the envtronment
30 years from now may not be too different than
todays environment.

Conclusions

Recent measurements tend to confirm the current
orbital debns envtronment descnbed in NASA TM

100--:'71. w_th one excepuon. The new telescopnc
data indicates that the model is too low for sizes

slightly larger than 10 cm, and may be too low for
sizes between 2 cm and 10 cm. However, there is sail
a significant uncerta.mty in the current envtronment.
especially for sizes smaller than 10 cm, and at
altitudes different from 500 kin. There is an even
larger uncertainty m the future environment that
depends on the debris control measures taken and, to a
leSSer extent, on the amourR of traffic to orbit
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A REVIEW OF ORBITAL DEBRIS

MODELING IN EUROPE

Rex, D., Zhang, J., Eichler, P.

Technical University of Braunschweig
Braunschweig, FRG

Abstract

The Importance of _lthematical debris models is
pointed out. The past debris model of particles lar-
ger than i cm is briefly reviewed. The objects in
this model are composed froe two classes: the cata-
loged objects larger than I0 cm, and the objects be-
tween I cm and i0 cm, obtained from the simulation

of explosions in space. Subsequently the problem of
modelling the flux of small particles in the size
range between 0,I mm ano I0 mm is discussed. It is
supposed that those particles are mainly generated
by collisions between a small particle and a satel-

lite. Using the collision mechanisms for such events
as developed in the literature, the orbital dynamics
of small particle dcbris is analysed. The influence

of this collision-generated small-particle debris on
the altitude range 450 to 500 km {space station al-
titude) is shown to be extremely de?endent on the
altitude and eccentricity of the orbit in which the
collision occured.

{. Introduction: The Imeort@nce of Hodelinq

A detailed knowledge of all man made space
objects orbiting the earth has become important for
present and f.ture spaceflight. This is customarily
called the orbital debris environment, since the
largest number of these objects are fragments and
litter from various origin, while the larger objects
are mainly spent and active satellites and spent
rocket upper stages. It is essential to know their
size and mass distribution and their inclination
distribution in order to assess the collision risk

for any new launch, to design shielding against the

small particle flux and to study the feasibility of
collision avoidance manoeuvres for special cases.
These are especially important tasks in connection
with manned space flight.

If there existed a perfect detection and track-
ing system which_ould be able to determine complete
orbital element sets of all, also the tiniest ob-
jects, then, at a first glance, one might consider
it unnecessary to have an independent mathematical
model of the generation and time development of the

whole population. So from this point of view mathe-
matical modeling apears only as a substitute for in-
complete measurement de_awhich can be more and more
eliminated in aS much aS nev data become available.

This conside-ation_auld by nemeans be adequate
and does not charaterise the situation correctly,
for several reasons:
a) The measured data are incomplete and will

always remain incomplete.

m
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There are continuous radar tracking data of
larger objects (larger than 5 to I0 cm depen-
ding on the tracking altitude), so that these
objects {about 7,000 in number) are known in a

deterministic way. But there are only very
sporadic measuremnts of _maller objects,
either by radar, or by optical trackiJg or
from i)pacts detected on space exposed sur-
faces. Even if the situation will be improved
by special small particle detection systems in
the future, there .ill never be a complete set

of detenuinistic data of all particles, say in
the 0,I m to I0 m region, because the number

of particles in this regi?n is expected to
amount to several I0s to 10". So there is al-

ways the requirement of making a conclusion
from sporadic measurements to the entire num-

ber of all objects. This can only be done if
the sporadic measurements are attributed to

and interpreted by _ model of their genera-
tion, their distribution and history in space.
So the knowledge of the orbital debris envi-
ronment is only partly established by_asure-
manes {however important they are) but the
cowlete picture is always a result of oode-
ling. Only the large ebjects are contained in
the model in the form of individual and deter-

ministic data, while the majority of smaller
particles are described by the model in a sta-
tistical waywhich describes the number, size-
and orbital distribution and which is fully
sufficient for collision risk and shielding
considerations.

b) If only the measured data of all orbital de-
bris objects were available, they would only
represent the present situation. A mathemati-
cal model, however, contains the simulation of

:ontinuous new launches, the generation of ob-
jects in space by explosions and collisions,

the descent and re-entry of all objects accor-
ding to their ballistic coefficient distribu-
tion and the expansion of debris clouds.

Only with such a tool it is possible to study
various possible debris developments in the future.
Subject to the various launch assumptions it can be
determined in which time frue, in which altitude
and inclinatloc band will the collision risk in-

crease to critical levels, where anti when can a
self-sustained collision chain reaction set in and

which kind of objects are preferably involved in
these processes /%/. Host important, the effective-
hess of countermeasures can be predicted. Only
mathematical modeling can decide on such far tea-
ching questions, whether the elimination of all
orbital explosions will be sufficient or whether

active re-entry o• larger space objects will be
required for a safe continuation of man's space
activities.

So we believe that orbital debris modeling is an
important task, and tha_ international co-operation
is needed to compare the models and to come to joint
conclusions.
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2. Past Modelinq of the Debris Population

In the past, the modeling has concentrated on
objects larger than 1 cm. Results o6 this analysis
have been published in previous papers /2,3,4/. And
Therefore the modeling procedure will only briefly
be reviewed hlre. These objects are composed from
two classes. Jbjects larger than about 10 cm are
contained in the NASA Satellit_ Situation Report and
in t_e Two-Line-Elements sets. Their ballistic coef-
ficient can be determined where relevant and so also

their future orbital development can be predicted.

They represent the only class of deterministically
defin_ objects. In order to predict this size class

_n the future already statistical assumptions on new
launches have to be made.

Objects between I cm and 10 cm in size represent
a class, which is only supported by scarce optical

measurements, so th_s class has to be mainly simu-
lated by a statistical model. This model has been

developed by assuming that the majority of these
objects have been created by all kinds of explosions
which occured in space. It was undertaken to simu-
late these events and the orbital evolution of their

fra_aents up to the present time, thus creating a
data bank of all objects larger than I cm presently
on orbit. This data bank reflects the orbits of all
tracked objects in a deterministic way, of all un-
trackable objects >1 cm in a statistical way which
is true enough for collision aneiysis. Out of 9(3 re-
corded break-up events betwee_ 1960 and 1988, 31
have been simulated, and they were selected such
that they together account for 87 _ of all break-up
fragments still in orbit. The two computer programs
for the simulations are briefly descFibed in Fig. I.
The p'-ogram CRJ_SH simulates explosi.ns and colli-

sions in space. It generates for each break-up event
the nuBrs of objects larger than a certain limit
size, the mass-, energy- and ballistic coefficient
distribution of the fragments, and assuming the

Results of the program CRASH for the Arlene ViE

upper stage break-up of Nov. 13, Ig86 are presented
in Fig. 2, 3 and 4. In Fig. 2 the Mass distribution
(a) shows that in addition to 465 tracked debris
objects a larger number of untrackable debris

particles are generated by the si_lation, resulting
in the total of 2330 debris oPiects larger than I
mm. The explosion velocity in,remcnt distribution
(b) has a maxi,_um at about 100 m/s. This leads to a

corresponding orbital distribution of the fragments,
which is shown in Fig, 3 a few hours after the
break-up. Due to variations in the semi-majc- axis,

the objects with cc:rrespondingly longer periods stay
behind, so that the criginal debris cloud stretches

out into a spiral shape. There are only few
particles ahead of the original exploded object.
This is due to the fact, that particle- with shorter

periods would have lower perigees, and most of these

re-entered into the denser atmosphere during their
first revolution after the break-uo. This effect

leads to a fast distribution of the fragmentation
objects along the orbit in a certain altitude band

velocity increments of the frag.._entsto be isotro- -5 -L -3 -2

pic, the orbits of the fragments immediately after fro nt
the event. The model is based on experiments and

fits the simulation to the number of tracked debris frogment

for the specific event, taking account of the detec- nUm=o_ _ _

lion limit for the specific altitude, and to the
mass of the original space object.

CRASH ORBA
Skuu#Gtionof break-uPs Orlil evoCut_ 5x-_ clqekts 300

_f,/(¢din_ll_ wllh _ _ZSOOkal

I _.m._m_k I 200w....=,... 1 "_""', I

'='_'=Yl I I .,=, w,, I"-'1 1 = " "_
descent=ncl.re-en try

_ lilm, I Ir_cln • km _ .l_ Smuio I_1 1000
NIl. _l,;i ,_w,Wk J II#_tlW4eliI IHmt? _WIIs

I _ tmm._ i=vw=

IEIIIll Ill Ill IIIIl_l I1_' |1{_K 1 I

l
Imm._mul _ O_mm4
mmmMmm=

frogment

number 1- ...... •

Fig. 2

-I 0 1

fragment moss (lg {m),m inkg)

Fig. 1 System of computer routines for the orbi-
tal debris generation and distribution
simulation.

®

3

explosmn velocity increment (kin/s)

Simulation of the Al_.IAItE-uPl_erstage
break-up on Nov. 13, 1986

a mass distribution of the fragments
b velocity increment distribution of
the fragments.
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Fig. 3 Shor_ term
fragments along the
upper stage).

•I/: i
_,

• ." .... ;'i .i.-'._.i_':

_Sh

distribution of breaK-up
orbit (_IN_E-VI6

Orbital plane changes due to the explosion
velocity incrementsare very small, which is visible
in the first view in Fig. 4. Due to the variation of
the semi-major axis within the debris cloud, there
is a differential drift of the line-of-nodes caused
by earth oblateness pertubations, which after some
years leads to a complete distribution of the frag-
ments in a spherical shell around the earth, only
leaving out latitude regions larger than the
inclination.Consequently, up to sam months after
the explosion, a spetific ring in space is
contaminated by the fragments, later the debris
mixes up with all other objects in that altitude
band.

mwttedu_tlly 3 m_ths

l_me Qfter

1 year 4 _,ars

Fig. 4 Long ten, distribution of debris orbits
around the globe (ARIANE-V16 upper
stage).

In order to obtain a complete picture of the
time dependant dynamics of a11 objects in space,
including all particles of space debris larger than
a certain limit, the progr_ORRA (see Fig. 1, right
hand side) has been set up, which is a long time
analytical orbit generator for all space objects. It
includes the orbital descent and the removal from
orbit by atmosphericdrag and other pertubations. By
the help of program ORSA a data bank of all present

objects larger than i cm is obtained. Together with
certain assumptions for future launches and break-
ups, it can then be used to generate futu_ space
object distributions. The program has also been
proven by simulating the past history quite
satisfactorily.

Fig. 5 is a sum of all contributions to the
present object _ensity distribution. It is obvious,
how small the contribution of the launched space
objects is (NASA catalogue) and how important it is
to model the mostly untraceable debris properly.
According to our model, the present density of all
objects has a peak at 8OO km and a second peak at
_500 km, which is similar to the distribution of
trackable objects. It should be note0 that the ab-
solute values of the highest curve in Fig. 5 is
still uncertain and can also be two times higher.
Future work is necessary to clarify this.

x I0-e
8

)
i i

: I

I000 20OO 3O00
o[h tucte,_m

_- NASA cof_loau_ - 10(m
......iw...h_jeen_ f_ low_te_ h_gm_nmtmns

I_I fmga_w_s _ I_cjI_m_msaty(m,,l_r_)h_gmenhW_

Fig. 5 Contribution of three object classes to
the present density of all objects
larger than I cm.

}.,Th_ Probltm 9f Modeling the _n_ll-Particle Flux

3.1 Various Sources of Small Particl@) 0.I mm
to 10 m_

As described in chapter 2, objects smaller than
1 cmhad not been included in ou" model in the past.
Knowledge in this size region is poorer. According
to /7/ the total number of man made objects of that
size is estimated to 3,S million. This estiwt_on
was based on the few impactsof particles between I
and 200 l_mon space exposed satellite surfaces. In
the past, the most important of these were the
_YL_ window, Explorer 46, SOLAR MAX satellite and
the SPACE SHUTTLE window. Such estimates can easily
h_ve a large uncertainty up _o a (actor of I00. The
situation will improve to some extent by the evalu-
ation of the L_EF-data.

In this situation a mathemtical model for the
_mall particles would be especially helpful. For
this )urpose, first the question has to b? solved
what is the main origin, the Nin generation pro-
CeSs _f such s-all particles. Four possible source
terms which can contribute to man made particles in
this size range are stated in /7/:
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source %: Explosions
source Z: Hypervelocity collisions
source 3: Degradation of spacecraft surfaces
source 4: Solid rocket motor firing in space

(AlzOrparticles)

Sources _ and q are probably most important only
for the smaller particles in the l_m-region. The
source 3 particles, as indicated by the SOLAR HAX
impact craters /8/, are in the size range 10 to I00
_un. The source 4 particles are mostly even samller
in the i to IO I_ range /9/. So both of these
sources seem not to be responsible for the majority
of the particles in the O,I _m to IO mm size range.

So we have to look to sources I and 2 to decide

whether these can be the main orioin for particles
in the considered size range. According to experi-

ments describec in /S/, explosions and collisions
can generate particles in thi; size range. So it has
to be decided by an analysis which of these two
sources is doainating the generation process. For
this purpcse we consider the different size distri-
butions of particles generated by explosions and by
collisions. Fig. 6 shows the typical cumulative dis-

t#'ibutions of a hypervelocity collision and a low
intensity _xplosion, data froa /S/. The collision

data are derived from a test, in which a light gas
gun fired a i.es g steel cylinder into a simulated
spacecraft wag1. The projectile velocity was 3.0
km/s. This collision produced a total of 13.8S g of
debris, which was containeO in l.g million partic-
les. It can be concluded from Fig. 6, that the
number of particles below 0.Z an in size is domi-
nated by collision processes. In fact, since small
iwacts seem to occur quite often in space, it is
reasonable to consider these as a source of small
size debris.
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Fig. 6
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O. ! l ;0 I00

DI ametor It; mum

Olstrlbution of particle size of a

hyperveLoclty cott.'slon and _ !or

mnten_l_y explosion, data From /5/

Fig. 7 shows the size d_st-ibution of the actual
particle flux in S00 km altitude as estimated by
NASA /7/. The numer distribution of Fig. 6 can
easily {by multiplication with a constant value) be

converted in a flux distribution, whereby the shape
of the curves would remain unchanged. So fro_ the
comparison of Fig. 5 and Fig. 7 it is clear, that
the size distribution in Fig. 7 cannot be explained
by explosions allone. Dnly a very large number of
(unknown) explosions would be able to account for

the estin_ted 0.i ....i m flux in Fig. 7. But this
would then result in much too big numbers in the cm-
region, in contradiction to what has been detected

in space. The conclusion is that _inly hypervelo-
city impacts _roduce sufficient numbers of particles
in the 0. I....I0 mmregion to explain the distribu-
tion of Fig. 7.
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IOF.. ,_.

0.001 O. Ol 0. I l I0 tO0 I0_0

ParticLe diameter In mm

Fig.7 Partlcle flux ec -_00 km , From /8/

)._tor'/ of Parti;l@_ generated by Colli_io_s in
vari0u } Orbits

Small particles, especially _eio_ 1 m in size,
are very effectively retarded by aerodynamic for-
ces, they descend soon and hence have a lo_ orbital
lifetime. Since we consider the small particle flux
in SO0 km altitude (i.e. on a future space sta-

tion), it is interesting to study the contribution
to this flux originating from collision induced
debris on various orbits.

3.2.1 Collision a_aerated debris on a SQQ km
_ircular orbit.

A collision _t_ee,: a O.S g particle and a 200
kg sate11_te is simlated, using the following data:

satellite mass 200 kg
satellite orbit SO0 km circular

impact object 0.S g (" 7 m )
impact ve)ocity : _m/s
smallest debris particle (per definition): 10"g
("O ,4n)
number of debris particles: 5994
velocity increment 0.01 ..... 0.03 km/s (after/S/)
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The mass distribution is obtained from the follow- am

ing equation (after /6/): _ z_
240

N=°$#11 _ s _ zoo
m

o. IW
with N = cumulative number of particles with mass
larger than m, m, = mass of impact particle, _ i_
v = impact velocity. For further processing of the L '_
data, orbital calculation and graphical presenta- _ =_
tion 2997 of the 5997 debris particles are randomly _ _
selected. Fig. 8 shows the size distribution imme- z =
diately after the impact in a differential diagram
(i.e. particle number per diameter class). Although
the logarithmic diameter classes decrease towards
small sizes, the number of particles per class in-
creases sharply, o

Within the size distribution particles of Smkll-
ler size have lower lifetimes due to aerodynamic

forces. This is illustrated by the two graphs in
Fig. g, showing the size distribution of the re-

maining collision debris I month and 2 months after Fi 9. 8
the collision. After _ month, already two thirds of
all particles have re-entered, after two months
nearly 85 _ have re-entered. The objects still

staying in the orbit at that time are those with the
largest diameter. It should be noted that solar
presure pertubations are not included in this
calculation, which could alter the results in de-
tail but not change the general conclusion. The
conclusion is, that collisions occurring at about
the altitude of the space station could not signi-
ficantly contribute to t_ sull particle flux at
that altitude because of the low debris lifetime.

3.2.2 Collisio,, oenerated debris on various
circular and elliptical orbit_

5 67891 2 3 4 S 67|9

=lO'* =10 a

0 # amet er- In mm

Total particle _umber , 2997

• [0_

SlZe distribution of the collJslon debris

Im_edlorely after" the collision

The orbital lifetime of the small particle
debris changes considerably if the collision
generating the debris occurs on circular orbits of
other altitudes or on elliptical orbits. Therefore
cullisions on five different initial orbits h_ve
been consiaered:

500 c : 500 km circular
800 c : 800 k_ circular
I000 c : I000 km circular

GTO : transfer orbit froa ZYO km to geo-
stationary Orbit

NOLNIYA : HOLNIYA-Type orbit with perigee at
435 ks, apogee at 39727 km
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The collisions are assumed to occur near to the

perigee of the e]lipti; o;'_it_ GTn and MOLNIYA. If
the collision occurs near to t _ apogee, the ,e-
sults would differ considerably, but th_F_ R_ extre-
mely unlikely because of the low object density at
nigh a,C_t_des_ the _the- conditions of the colli-
sion are the same as in chapter _.2.1.

Fig. ]O shows the decrease _* th, number of
Cebr:_ ;articles on orbit with i_cre_sing :i,;_ after
collision. The g_n_: = trend is clear: for circular
orbits t_e _ifet_me incr_ses -,th altitude, up to 4
to 5 years at a circular aitStuoe of 1300 km. For
elliptical orzits, the lifetime is main;y determined
by the n_rigee altitude. On a MCLNIYA orbit, the
debris p_;_cles remain in orbit ;or more tF_n 7

years, whi}¢ de_r_ ,:i GTO disappears _i,'e_dy
after some m_nths.

The _escent of the debris particles with time,
which is different ;or circular an= elliptical
_rbits is illustrated by deriding the space around

the earth in altitude _e_!_. Particles crossing a
shell are attributed to this sheJl according to
cn_ir ,as _ence probability in the shell. The number

of parted:lee for e_ch shell derived in th_s way are
plotted versus the altFtude for incree:_Cng time
after the collision. Fig. 11 shows this Oescent
history fo_ a collision on a 1000 km circular orbit.

"he shell tb;ckness is 50 km in th_s diagram. Du-ing
the ;irst 3 years after collision, all cbjects nave
rem_i_ed on while they are shifted to lo_e_'
altitude_. T_is ieads to an increase of _he numbe o

of objects at iower aitituGes a long time after the
collision event. In the fifth year, the overall
number of pare_cles decreases sharply, and so the
numbers _Iso Oe_rease at all altitudes.

©

F_ 9. ;0

\,i\

i

I
,&

I

F_g. ll

Fig. 12 shows the history of the debris par-
tic_)s originating from a collision on the GTO (zear
to it" perigee). Here the shell thickness (altitude
steps) is 1000 km. Immediately after the collision,
the highest number of particles appears near the

apogee of the GTO because there the velocity is low
and tl_e residence time accordingly high. Alreaay
after 2 months the picture changes completely. The
particle density increases at lower altitudes and _t
disappears at the former apogee, because all Qebris
orbits become more circular, whereby, however, the

perigee remains constant over a long period. Between
two and four months after the collision about two

thirds of the particles have re-entered and
consequently the particle density then decreases at
all altitudes.
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F_g. I2

"[;me _ter collision

12 ._onshs_ N=2818

,[ 4 Months N-970 0 Month a N.299,7.

_k / ,M,O,nt hs_ N=-414 /,

_m_ _ lwm a_ _m_ immm_ i_ _mmml

All Itude In km

Descent hls_ory Of Oebr_l from m coll_s_on on _To

fllt_¢_s step (s_'el!. thickness), |000 _

The descent history of debris originating from
a collision on a MOLNIYA-type orbit, Shown in Fig.

13, is quite different from GTO-case, because of the
higher perigee. For nearly three years the object
distribution remains rather similar to the initial
distribution. After that time, the particle density

at lower earth orbits begins to rise and even after
12 years there is a considerable increase of the
particle density at low altitudes compared to the
initial value. This is observed although the total

number of particles still in orbit is already
reduced to 30 _ at that time.
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From the comparison of Fig. 11, 12 and 13 it

becomes obvious that on|y collisions on highly
eccentric orbits with su(ficiently high perigee

(MOLNIYA-type) can have a long _asting effect on the
small-particle density at low earth orbits e.g. at
the space station altitude of about SO0 km. For
collisions on all other orbits, the debris lifetime
is either too small or the deb, is residence time in
the 500 km-band is too short. This effect is

analysed more clearly in trlenext chapter.

3.3 The Influence of V#rious Colli}ions on the
_ll-Particle Population at SPate Station
A!titudes (450 to SOD kkm_.=

This chapter conta - a longtherm analysis of
the slaIl-particle population at the altitude band
450... 500 km induced by collisions in various
orbits. The number of particles in thi_ altitude
shell, multiplied with their residence probability
in the shell, is considered after each collision in
a long time scale. By this analysis the different
influences of collisions in var ous orbits on the
space station orbit is revealed.
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Fi9. 14 Influence of dlff_:_ant coLLlslons

on _he aLticucle range 450 to 500 km

4. Conclusion

In an attempt tu model the small particle flux
in the size range 0.I mm to i0 mm at altitudes re-

levant for the Space Station (4SO...500km), special
Consideration should be given to the ejecta from

collisions (impacts of mm- or cm-size particles on
larger structures). The size distribution of this
collision debris fits to the postulated size dis-
tribution in space. One problem is the short orbi-
tal lifetime of such debris (due to its small size).
Only if the collis:on which generates the s_all-
particle debris occurs on a highly elliptical orb,)
with sufficiently high perigee kperigee altitude
400...500 km), then the debris lifetime is long
enough to result in a meaningful contribution to t_e
small-particle flux at space station altitudes.
Collisions on higher circular orbits have minor
effects on the small-particle debris flux.

Fig. 14 shows the results. Instead of the abso-
lute number of particles, t_e relative number (de-
rided by the in)tial total number of debris parti-
cles) is plotted in percentage.

I.

The number of particles originating from a
collision on a circular orbit in the same altitude

region (500 km, c) is initially high, but dis-

appears _o fast, that only a high repetition rate of
such co]lislnn events could generate a continuous
small-particle flux at that altitude. This is 2.

unlikely. The same applies to debris generated by a
collision on the GTO. Collisions on circular or-
bits at altitudes of 800 km and lO00 km induce a

small-particle flux over several years, but again a
continuous and considerable contribution could only 3.
be explained by repeated events. A Collision on a
MOtNIYA-type orbit has by far the strongest influ-
ence on the small-particle number at the altitude
450...500 km. The particle flux starts i_diately
after the collision and remains in space longer than
13 years, with a short peak after 6 years.
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A REVIEW OF ORBITAL DEBRIS

ENVIRONMENT MODELING AT NASA/JSC

AIAA-90-1355

Rebert C. Reynolds

ABSTRACT

Orbital debris modeling in three areas is presented in this paper. These are: ( 1)debris environ-
ment evolution, as characterized by a numerical processor using detailed mission model
projections, (2)debris cloud evolution for the time immediately after breakup, and (3) two-

dimensional flux density modeling to characterize both flux levels and directionality for a
debris environment.

INTRODUCTION

There is an extensive orbital debris environment modeling activity supported by
NASA/Johnson Space Center (JSC), as can be seen in the agenda for this conference. As a
part of this effort, three important capabilities have been developed in the detailed debris en-
vironment projection model (PROGRAM EVOLVE), the debris cloud evolution model

(PROGRAM CLOUD), and the flux directionality mode', (PROGRAM FLUX). These three
models are described and results presented in this paper.

DISCUSSION

Detailed Environment Projections (PROGRAM EVOLVE)

The EVOLVE program uses a detailed description of historical space traffic and specific mis-

sion models for proposed space activity as input conditions to model debris environment
projections. The model deals with intact objects, introduced by the historical data and mis-

sion model data, and debris clouds, created deterministically by historical or projected traffic

data or stochastically by explosions or collisions. A Monte Carlo model is used to determine
the statistical characteristics of future environmet_ts. Because the model uses historical data

to define the current environment, a check on the model is possible by comparing its results
with observed environment characteristics.

The concepts for the model were developed with the idea that it would support trade studies
of future debris states. This need arose because it became eviden, that there was a wide diver-

sity of projections of future space activity in both the civil and military communities, and that
there were a number of programmatic and operational responses, such as deorbit of space

hardware at the end of its useful life or development of collision avoidance systems, which

might have a significant effect on future debris environments. The most imponam concept
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developed to support trade studies was to assign the fragments from a given breakup event to

a few debris clouds, the evolution of which can be performed rapidly using independent models
for debris cloud evolution.

The logic flow in the program is presented in Figure 1. The various modules in the program
are called sequentially each time step. The software structure reflects the modularization ha

this figure, so that as improved data becomes available, for example ir the breakup model, the

relevant module can be updated easilv.

The functional relationship between the deterministic processing and the Monte Carlo

processing is given in Figure 2. The deterministic pan of the model comes from historical data
and from the mission model data. The mission model can be a concatenation of data sets from

different components of the space community. A common mix would be one of the U.S Civil

Needs Data Base (CNDB) alternatives, a U.S. military mission model, and one or more foreign
traffic models. Characteristics ot objects in the mission model data bases are summarized in
Table 1.

The dete.-rninistic data provide a basis for the stochastic processing in the Monte Carlo model-

ing. Repeated eavironmen_ projection are made from a user-specified initial time to final

time, building an ensemble of environment projections that can be used to define means and

variances in future states. For the stochastic processing, both debris clouds and intact objects

are reduced to spatial densities to stochastically model both collision and explosion processes.

A typical sequence to produce an environmental projection is shown in Figure 3. Note that

the only stochastic process being modeled is the explosion and coflision events. Stochastic

processes not modeled include levels of solar activity, distributions in projected space activity,

and possible technology responses to the orbital debris problem.

TABLE 1. CHARACTERISTICS OF INTACT OBJECTS IN PROGRAM EVOLVE

FIELD TYPE OF DA TA/OPTIONS

type of object

source

satellite, rocket body, operational debris

NASA, other US civilian, DoD, Soviet, non-

Soviet foreign

manifesting information
identification number

orbit data

apogee, perigee, inclination, right ascension

of ascending node, argument of perigee, date of

deployment

platform data area to mass ratio, duration of station-keeping,

deurbit option, explosion fl_,g, collision

avoidance flag/size

The EVOLVE program is nearin6 the completion of its preliminary, testing phase. Three mis-

sion models have been run under the test plan, and results are presented.
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Histobcal data havebeen ,_sedto calculate the en ironment in each of three size regimes

through 1988. These size regimes are greater than 10 cm, 1-10 cm, and 0.1-1 cm. The cumula-

tive flux at the end of 1988 is presented in Figure 4.

The mission model projections have been run from 1990 through 2010. Traffic for 1989 is as-

sumed the same as for 1988. During this time period the solar activi_, is as presented in Figure

5. The baseline mission modzl for this period is the Version 3.0 of the norr,:aal Civil Needs

Data Base. This data cor_ta_:z._ the Space Station, and traffic associated _, _th it. There are two

other levels from the CNDB, a constrained mission model lower than this baseline, and an ag-

_essive mission model that is bi_hez; neither have been used at this time.

The projections for the CNDB baseline in 2010 are shown in Figure 6 for the 10 cm and 1 cm
c:umulative fluxes. The I_ottom line in each case is the deterministic flux levels for that year.

.The middle of the three grouped lines is the average environment, and the two outer lines are

the one sigma variances in the mean. The contribution from the Space Station traffic can be

seen in the local peak in flux at 550 kin.

Two alternative mission models, both adding a Strategic Defense Initiative Organization Bril-

liant Pebbles architecture, were used in the testing program. The deployment schedule, and

Case I orbit characteristics, are provided in Table 2. A Case 2 scenario for the Brilliant Peb-

k-les was also run, whh the same schedule but vhth the orbits raised by 425 kin. The net effect

of these 2 sceaa_-ios was to test an architecture operating below and another above Space Sta-

tion operational altitude. Tt,_ relevant platform_ parameters are summarized in Table 3. From

the debris standpoint, these architectures are conservative because the platforms cannot ex-

plode, whereas some explosions can be expected to occur since the platforms ,,,,rill contain a

large amount of explosive material.

TABLE 2. BRILLIANT PEBBLES ARCHITECTURE: DEPLOYMENT SCHEDULE

(CASE 1 ORBIT ALTITUDES)

Year Number Deployed Altitude Range Inclination Range

rk,n) (&,g)

1995 10 195- 205 88- 92

1 (SSTS) 2000 90

1996 10 195- 205 88- 92

(BS_) 360O0 9O

199"Z 100 195- 2O5 88- 92
2 (BSTS) 3600(3 90

1998 1_ 295-_5 _-_

1_ 1_-205 _-92
1_ 1_-205 1_-1_

1 (BSTS) 36000 9O
(SSTS) mOO 9O
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1999 100 145- 155 68 -72

2.00 295- 3O5 78- 82

300 195- 205 88- 92

300 145- 155 98 -102

200 195- 205 10_ 112

2000 5OO _5- 3O5 78- 82

500 195- 205 88- 92

2001 200 145- 155 78- 82
2OO 295 -3O5 78 -82

500 195- 205 88 -92
20G 145- 155 98 - 102

200 195 - 205 108 - 112
1 (SSTS, 21300 90

2OO2 300 145- 155 68 -72

5{]0 195 -205 88 -92

400 145 -155 98- 102

200 195 -205 108 -112

(SSTS) mOO 9O

2003 300 145 -150 68-72

20O _ -305 78 -82

600 195 -205 88 -92

300 145 -155 98- 102

I (ss'rs) 2000 90

2o04 300 295 -305 78 -82
600 145 - 155 98 - 102
200 195 - 205 108 - 112

2005 200 145-155 68 -";2

200 295 -305 78 -82

500 195 -205 88 -92

500 195 -205 108 -112

2006 300 145 -1.55 6_-72

300 295_-305 78-82

200 145 -1.55 98 _ 102

TABLE 3. BRILLIANT PEBBLES: PLATFORM CHARACTERISTICS

Area to Mass Ratio

Stationkeeping
No deorbit at end of operational life

Not explosive
No collision avoidance

0.3 m"2/kg
7 Years

A summary of the status of Brilliant Pebble sateUites in orbit may be seen in Table 4, which

presents the number of deployments by year, the number of platforms being controlled by

station.keeping and the total number of platforms (n orbit. The low altitude platforms of Case
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1 will decay within a year after stationkeeping ends, so a score on the number of reentered

platforms is also presented for this case.

TABLE 4. BRILLIANf PEBBLES: STATUS ON PLATFORMS

IN ORBIT/DECAYING/DECAYED

Year # # Case 1 Case 2

Deployed Station- # in # # in

keeping Orbit Decayed Orbit

1995 10 10 10 10
1996 10 20 20 20

1997 100 120 12G 120
1998 300 420 420 420

1999 1100 1520 1520 1520
20/]0 I000 2520 2520 2520

2001 1300 3820 _ 3820
2002 1400 5210 5210 I0 5220

2003 1400 6600 6600 20 6620
2004 11(30 7600 7600 120 7720

2005 1400 8700 8700 420 9120
2006 80O 846O 84OO k520 992O

2007 7400 7400 2520 9920
2008 6100 6100 3820 9920
2009 4700 4100 5250 9920

2010 3300 33OO 6620 992O

The Case I architecture was found to have almost no impac: on the debris environment, other

that to elevate the flux levels at large sizes at low altitude, as seen in Figure 7a. This occurred

because the platforms were in a region where there was almost no other objects in orbit, and

any debris clouds created had a very short lifeume. This effect is aptly illustrated in compar-

ing Figure 7b with Figure 6b. There is no significant increase in debris flux in the Space Sta-
tion altitude range for this case.

The Case 2 architecture is not nearly as benign when viewed for impact on the orbital debris

environmem. Moving the platforms up to the 575 to 725 km altitude range places them in a

region having more objects in orbit' and when a breakup does occur it will have a much larger

lifetime. The resulting fluxes for this case are presented in Figure 8. The peak in flux in the

large objects in this altitude range reflects the deployment locations and longer orbital

lifetimes. A significant change in the 1 cm flux at Space Station altitude is seen in Figure 8b,

where the elevation over the previous cases is by more than a factor of 10. This factor of 10

would be of great importance to Space Station, since it would increase the probability of en-

counter between a 1 cm object and a given habitability module from 0.0006 per year to 0.006
per year.

Thc time dependent behavior of the debris flux may be more clearly seen in flux vs. time plots,
as presented in Figures 9 and I0 at 500 and I000 km altitude for the nominal CNDB and Case

2 Brilliant Pebbles architectures. The effect of the solar cycle can be seen in the 500 km flux
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variation. The growth ra'Le in flux at 1000 km for the Case 2 environment appears to be reduc-

ing by 2010; a longer projection time would be needed to confi,'m this or instead reveal a longer
term growth a_ the platforms are collisionall,, broken up.

These results, although prelirmnarv, provide insight into the problem of using Space Station
in an era w_th other large users of space. For example, the Case 1 arcr,:t ecture if feasible would

not greatly impact any other user of space, even though there was a large amount of material

being place in orbit. However, the similar deployment above Space Station has a very. much

stronger impact at Space Station ahi:t, de, but this effect is lost at an altitude of 1500 km and

higher. A Brilliant Pebbles architectm e placed at altitudes o: 1500 km and higher might not
have a significant debris impact on Spa,'e Station.

Debris Cloud Evolution (PROGRAM CLOUD)

The CLOUD program was developed to provide an understanding of the spatial and temporal

cilaracteris:ics of debris flux at times immediately after breakup. This flux is defined on a set

of planes oriented normal to the unperturbed orbital plane at locations downrange from the
breakup point specified by the user.

The general behavior of a debris cloud _.s a function of positior dowm'ang_ from the breakup

point is provided in Table 5. Imposed. m this oscillato_ behavior is a continuous stretching

of the cloud in the uprange-downrange (in-plane) direction induced bv the period perturba-

tions from the breakup velocity perturbations. The cross-range and altitude spreading and the

speed at which the cloud stretches in the in-plane direction are of course determined by the

characteristic breakup velocities of the fragments. The cloud will have two "hot spots" - at the

breakup point where, in the absence of perturbations; all fragmerts wi!l pass, and 180 deg

downrange, where all fragments will pass through the common line of nodes, b. t at the largest
range of altitudes.

TABLE 5. GENERAL DEBRIS CLOUD CHARACTERISTICS DOWNRANGE

.t_ROM THE BREAKUP POINT

Angular Position
(DEG)

Characteristics

0 (360)
0 - 90

90

90- 180

180

t80- 270

270

270 - 360

two-dimensional concentration to point

expand cross-range, expand altitude range

maximum cross-range extent

contract cross-range, expand altitude range
one-dimensional coucenrration to line,

maximum altitude range

expand cross-range, contract altitude range

maximum cross-range extent

contract cross-range, contract altitude range
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The baseline model for breakup velocity, as a function of debris fragment size is shown in Figure

11. The peak in the velocity curve as a function of debris size is

log v = -0.0676'0og d)**2 - 0.804"!og d - 1.514

where d is the diameter in meters and v is in km/sec For a given debris size a triangular velocity.

distribution from 0. l*v to 1.3"v, with a peak at v, is assumed.

The plot of debris impacts with a plane 90 deg and 170 deg downrange from the breakup site

is given in Figure 12 for the 10 crn fragments and the 1 cm fragments. What is immediately

obvious is that a breakup introduces altitude coupling over a large altitude range. The in-pLane

stretching of the cloud is seen in Figure 13 for the 1- and 10 cm clouds. For the smaller frag-

ments, the debris cloud will close on itself within a few hours, but even with the largest frag-

ments, the debris cloud will close upon itself within a few days.

The crossing of debris fragments through the reference planes is used to def.:_e the time- and

position-dependent flux field induced by the cloud. This flux can be used to generate collision

probabilities for spacecraft moving through the cloud. Assuming collisional interactions can

be modeled as a Poisson process, the relationship between tke single pass collision probability.,

P, the locally sensed flux as a function of position, F(s), and collision cross-section o is given

by

P = 1- exp(-fF(s)ods)

where the flux being 0 outside the cloud sets the integration limits.

Figure 14 shows the collision probability, for an Orbiter-sized spacecraft passing through a 1

cm debris cloud 45 deg downrange from the breakup point, at the altitude of the center of the

debris cloud, as a function time relative to the passing of the center of the debris cloud. Figure

15 shows the collision probability as a function of position downrange for the same sized

spacecraft passing through the center of the debris cloud, and passing 100 km before and after

the cloud center. The stretching up- and down-range increases the cloud volume sufficiently

during the first revolution to damp out most of the oscillatory behavior ex'pected in the flux

from the periodic cross-range and altitude behavior of the orbits.

Flux Directionality Model (PROGRAM FLUX)

The FLUX model was developed so that the directionality of the debris flux could be studied

as well as the magnitude as implied by a spatial density time._ a mean, elocity. This flux direc-

tionality is expressed in terms of an areal flux densizy, aad is defined as im-

pacts/m*'2/year/square degree solid angle. As might be expected, this flux density function

presents very strong directional behavior.

The flux density is defined in a spacecraft related local- vertical, local-horizontal (LVI.J-t) coor-

dinate system, in which the + Z axis points to the local zenith and the + X axis in the in- plane

down-range direction. The + Y axis then points along the orbit angular rriomen_tm vector,
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and the XY plane is the local horizontal plane. Most Earth observation satellites are fixed in

this coordinate system.

The direction of motion of ciebris passing through a point in space can be characterized in this

coordinate system by a yaw angle, ,_, measured in the XY plane with the + X axis providing

the zero point reference, and a pitch angle, _, the angle above or below the plane, with the zero

point being the XY plane. The coordinate system and the relevant angles are shown in Figure

16. In (_,t_) space, the zenith lies in direction (,_,90), the angular momentum in direction (90,0),

and,for a spacecraft in circular orbit, the velocity vector points to (0,0).

The flux density function is defined at a point in space by summing the spatial density times

the encounter velocity of all objects having apogee, perigee, and inclination which would allow

them to pass through that point. The expression for spatial density is taken _om Kessler/l/.

A flux field for a complete orbit is obtained by averaging over flux fields computed at a set of

points along the orbit. This technique is discussed further in Reynolds/2/.

The most significant factor in defining the flux density is the debris inclinatior distribution,

with eccentricity effects having only a secondary role. As such,encounters _ debris will

occur nearly in the equatori',d plane for a spacecraft in circular orbit This is shown in Figure

17 for an orbit altitude of 500kin and inclination of 28.5 deg. If all debris was moving in zero

eccentricity orbits, there would be no debris flux at yaw angles greater than 90 deg or pitch

angle other than 0 deg. In fact, there is strong confinement near the equatorial plane, and al-

most no flux coming from behind the spacecraft.

Because of the confinement of the flux near the horizontal plane, a projection of this distribu-

tion on the plane provides insight into the directionality, as shown in Figure 18. In this figure,

the velocity vector lies in direction 0 deg, and the units on the flux density, are im-

pacts/m'"2/year/deg.

Results of this flux density analysis have been discussed in Reynolds/2/and compared with

results of the orbital debris desiga environmentt3/. For a Space Station habitability, module

in a gravity gradient stabilized attitude, debris flux onto the from and side surfaces are com-

parable, flux onto the zenith and nadir facing surfaces are down by 2 orders of magnitude, and

flux onto the trailing surface is down 3 orders of magnitude, as seen in Table 6.

TABLE 6. FLUX OF OBJECTS 10 CM AND LARGER FOR CURRENT

ENVIRONMENT; UNITS:/M**2/YR

Surface Design Environment Integrated Flux

Density

leading 8.42E-7 4.40E-7

zenith 0 5.09E-9

side 4.40E-7 2.39E-7

trailing 0 2.20E°9
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A

B

FIGURE 13 SPATIAL DISTRIBUTION OF FRAGMENTS IN A DEBRIS CLOUD:
(A) 3.1 HOURS AFTER BREAKUP, 10 CM, FRAGMENTS
(B) 3.1 HOURS AFTER BREAKUP, 0.1 CM FRAGMENTS
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A REVIE_ Or ORBITAL DEBRIS MODELING AT T_E AEROSPACE CORPORATION
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Abstract

This paper is an overview of the spa=e debris

modellng techniques and tools used s: The Aerospace

Corporation in support of the Air Force space

debris efforts. A discussion of the software

tools IMPACT, which does the breakup analysis, and

DEBRIS, which does collision hazard assess_en:, is

presented. Additionally, the analysis done to

improve the operational characteristics of these

program- is shown.

I. Introduction

The purpose of this paper is to present the

space debris _deling efforts, fro= the past,

current, and future, performed for the United

States Air Force's Space Systems Division by the

Space Hazards Section of The Aerospace Lorporation.

The need for modeling orbital breakups and

the resultant debris evolution _as recognized when

planning was under way for the sntisatellite

(ASAT) test (the first against a live targetS.

The Solwind satellite (P78-I), chosec as the

target, was a solar observation satellite which

wee launched in 1978 into a sun-synchronous orbit.

The iotercept took place off the west coast of the

United States cn 13 September 1985. Several pieces

o_ debris were tracked following the event, and

several thousand more were predicted but were not

tracked due to their s_sll size. In this test, a

large o:biting object collided with a small

projectile on • balllatlc trajectory.

In the summer of 1986, in preparation for the

Delta-180 mission, the Strategic De!ense Initia-

tive Office (SDIO) called for a collision in orbit

of • payload with the second stage that put it
into Grbit. This was the first teat of its kind

in which two objects of roughly similar size

collided in orbit.

The study cf the collision hazard to other

sp6cecraft by a debr_s-producirg event is _ssen-

tiai. This paper gives an overview of progra_

IMPACT, and tbe representation and evolution of an

orbiting debris cloud as it is modeled in the

program DEBRIS. The former progr_ deter=ines the

event's breakup characteristics, while the latter

determines the probability of colllsio_ when a

resident space object enters the debri_ cloud.

The_e tools were originally developed to examine

the short-term hazard to spacecraft following an

orbital breakup.

*Manager, Space Hazards Section; Associate

Fellow, AIAA

**Member of the Technical Staff, Space _azard_

Section; Member, AIAA

Cop_|h_ _ 1990Amen_lns_tu_eofAeronau_lcsand
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2. Background/Past Experiences

2.1 The Aerospace Corporation Contributions to
the Debris Studies

The work in the area of space debris at

Aerospace dates back to 1979, and has increase

dramatically since the 1985 ASAT test. The

alphaals of the research has been in the area of

sodeling explosions and collisions, as well as

studying the collateral hazard posed to other
spacecraft as a consequence of orbital breakups.

The research group has participated in
drafting of the Interagency Group (Space) 1

report on orbital debris. Following that, the

collision avoidance and debris management
requirements for the National Space Test l_.snge

(STR) were developed in conjunction with the Air

Force System Program Office. Most recently, the

work has focused on studying orbital debris for

the Kinetic Energy Weapon (KEW)/ASAT program

office and the Space Technology Center.

2.2 Testln R in Space

2.2.1 P78-1. On 13 September 1985, the Air

Force made the first actual test of their sir-

launched ASAT weapon. The P78-1 satellite weighed

approximately 850 ks, and was in a sun-synchronous

orbit at an altitude of approximately 500 ks. The

ASAT was placed on a ballistic trajectory which

crossed "he orbital path of the satellite, and the

two objec=s collided broadside with a relative

velocity of approximately 7 kw/sec. This colli-

sion frame,anted the satellite, as planned.

The Space 8assrds Section predicted the

_reakup characteristics of the satellite. The

pz_dictlon was for 315 fragments greater than

IO cm in size remaining after one orbital
revolution of the target'a orbit. Also predicted

were 685 fra|[ments greater t_n lO cm reentering
within 1 revolution. Observations showed there

were 257 fra_nts after 1 revolution in the

target's orbit. No center-of-mass cloud was

observed, which lead to the conclusion tl_t t_ere

was a low momentum transfer during the collision.

The m_.xim_m fragment altitude reached was 2800 km.

2.2.2 Delta 180. O_ 5 September 1986, SDIO

conducted an experi_nt in space. A 930-ks

payload was put into orbit atop s Delta booster.

Once in orbit, the Delta second stage detached

fro= the payload. Th_ payload collided with the

1370-ks Delta second stage with a relative

velocity of approximately 3 k_/sec. T_Is took

place at an altitude of approximately 200 k_.
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The Space ga•ard$ Section was •gain called

upon to p_rforB • collision hazard •ssesse_nt

_rior to this mission. T_,e ratio nf the masses of

the two bodies was approxi_tely 3:2. Both were

u_bital, so the theory developed for the P78-I
test needed further development. Bec•us_ _f the

size ratlcs, a direct head-on coJlision was not

very likely. Instead, • side swipe, or glancing-

blow collision was predicted. These collision
scenarios are described in detail in Section 3.

The study predicted tt_t 300 fragment- grea:er

tha_ SO cm would remain after i re J of the target

orbit, 700 fragments would tee•re: ..tthin I rev,

and one million particles greater than 1 m _ould

be produced.

Space surveillance network observations

shored that 320 observable fragments remained in

orbit after two days. No center-of-_ass cloud was

observed, which, jumt llke the P78-I test,
indicated a low some•am= transfer. The maximum

fragment altitude reached was 2000 km.

3. Spacecraft Breakup Modeling

3.1 _reakup Scenarios

From study of the P78-1/ASAT and Delta-180

missions, three breakup models were developed.
The head-on collision was developed for a small

object colliding with a larae object. The

glancing blow was used for the collision of two

similarly sized objects. The explosion model was

used for either an explosion due to a pressure
build-up in a tank, or a detonation. The analysis

is baaed on the material in References 2 through 5.

3.1.1 Bead-on. The analysis of • head-on

collision begins with dams taken from the initial
eond_tlons of the collision (state vectors and

masses of the colliding objects at the time of

collision). The cumulative number of objects

produced is given in Reference 3 as an empirical

relatiooship of the closing velocity and the mas_

of the s_ller ooject in the collision.

3.1.2 Clancin s Blow. The glancing blow
acermrlo is a co.irma,on of the explosion and the

colliding scenarios. Ass_ that the two objects

are colliding off their centerline (Figure I).

When the collision occurs, parts of the two bodies
come into direct contact with each other. Momentum

overcoBes the adhesion of the two bodies and shears

off the parts in contact. The parts in the direct

contact region then act like two objects involved

iu a head--on collision. The remaining parts also

break up, but from the ah_ "" waves produced by the

shearing. These shock waves •re slmilar to those

produced by an explosion, so the spread velocities

are found uzing the methods developed for the
head-on and explosion scenarios.

3.1.3 __. Fragments generated by

explosions have a different size dicer,but,On than

fra_nte generated by collision. Again from

Reference 3, the number of fra_nta generated by

an explosion is a piecewlae continuous function of

the fralment nmss, the satellite mass, and the

energy a_ailable for breakup.

•

Figure l. _lancing blow geometry

Figure 2 has been taken from Reference 2 and

is based on the result of a laboratory experiment.

In this experiment, a 237-ffm mats was used tn

imi_ct a target of 25 kg mass at 8 relative veloc-
ity of 3.3 km/sec. The ct_mulative number of

fragments versus the dieter of the frapmnt is

shown in this plot.

I 1 I \ I

10 "2 1© °' 1 10 1_

Figure 2. Number of frn_nts produced f:om

237-gm projectile

The size of the fragments depends on the mass

density. For satellite structures, the density

could vary from O.l to 5 _/cm 3. The fragment

msa distribution will vary, depending on the

physical properties of colliding objects.

3.2 Progrsu. I_ACT

trogr_ IN_ACT _s an IBM-PC program that

sinulatez a hypervelocity breakup or explosion of

a satellite. It was developed inttislly for the

I)tlta-:80 mission i_ 1986. This progrmD has three

p_rta: (I) si_latlon nf the breakup dynamics due

tO the collision or explosion; (2) a graphical

display of the breakup; and (3) binning the

particles _nto three size ca,tegories, with an

associated spread velocity _Ittermined for each,

alon t w_b several perturbation corsta.tz. The
graphics section includes such items _s a Gabbard

di•gra_ where for each particle produced, there

are two points plotted. The apogee altitude

v_-m_s orbital period, and the perigee altitude

vers_m orbital period •re plotted together
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(FiRure 3), plots of spread velocity versus size

(Fiz_re h), and number of particles versus size

(FiRt_re $). Eeferences 2 and 5 further explain

the m!$orithma used in this progrdum.
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3.z.I Assuaptlons. The use of pro|ram

I_ACT requires several usumptionJ as well.

First, the pro|ram assumes complete frslmencati_

of the tar|et. This meanl that there Ire mor8

smmller frmzments produced by the p_o|rms tba_

vo,2d occur in as_ actuml collision. Especially

with _ar|e 81tellites, complete fralrmentatlon will

noC alvaym be the case. Secondly, the program is

based upon limited amount of actual experiment_;
data, so soa_ results may be more reali_tlc than

others.

3.2.2 CompIrlson between Actual end Modeled

Results. Fllure 6 shows t_e propasated debris

c2oud, predicted by program IMPACT, projected onto
the oz'it plmne for the first orbital revolution.

F!f_srd 7 shows the radar derived debris clouds

which h_ve propa|ated tbrou|h the first orbital

revolution (projected onto the o:bltal plane).

Predicted a_ mctual results showed very Soo_
cotrelatlon.

10,I

7.1

Filure 3. Example of a Gabbsrd diagram
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Filure h. E.x_mple of spread velocity versus

wtrttcle size

• llPtllLq I_IA

-so._ - so00. -_,006 _._0 l.I_ 10.e_

YI_)

Filure 6. IMPACT prediction through first
orbital rsvolction (particles froster than

10 cm in diameter)

10,000

(Im)

m Fi$_re 5. FouLmple of number of particles
versus l_rticle m'ss

+ OF.LTA180DATA

-

-

1r20ll_ + _.

FIKure 7; Radar derived clouds propasatsd

throulh first orbital revolutlon (_artlcle8

steerer tb_n 10 e.m in dla_-_zter)
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Follmrlng the broagup of a_ orbi_i;_g s;_ace-
craft, the short-tens characteristics of the debrl•

cloud can be accurately determined. Long-term

evolution is also s significant concern to the

s_lce user. In _hi• study, only the short-te,_n
debris heaard is examined.

_.I massrd I_finition and As•essment

The hazard is determined by collision prob-

ability for a satellite passing through • debris

cloud. The analysis cover• only the shor_-_er_

probability, which was show_, by Reference h (and

intuition) to be greatest shortly after z breakup.

&.2 Program DEBRIS

Progrmn DEBIIS was orS|anally developed for
the ear-launched ASAT and was first used for the

FTS-1/ASAT eric•umber. It was used again for the

Delta-180 mission, and tms subsequently improved

to include multiple breakups occurring at differ-
ent tines in the simulation.

This program takes the output of program

INPACT and s list of reside:_t space objects for

which the collision probabi2ity characteristics

t_ere desired, and deterBines the probability of

collision of specified resident space objects with

particles free a breakup. The debris cloud

(Fl6ure 8) is modeled as a pinched terns. The

program includes the effects of atmospheric drag

and seep•bestial effects. The smximum semi-major
and semi-minor axes of the torus cross section

occur at one-quarter of a revolution after the

breakup. The minima occur st the Finch poiots
(integer orbital revolutions) and half-orbit

points. These ranges define the envelope of the
fraSuent orbits. The volume of the debris clouds

is calculated from the linesrized, perturbed,

re_der_ous equations 2. and • growing plnched
terns. The smaller of the two volm_es is used for

computation of the density in the cloud. The

volume of the debris cloud st the pinch points
never return8 to sere. -_ in the case of the

unperturbed rendezvous equatlons, because
atmospheric drag and geoc_tential effects tend to

cause spreading. This toru$ continues to expand
until it closes. The definition of closure is the

time whe_ the average particle that is moving

faster than the _ss center meets up with the

avera|e particle moving slower than the mass

center. When this occurs, the cloud simulation
emds.

LEADINGEDGE

TARGETORBIT,..-----_

ELLIPTICALCROSS
SECTIONOFTORUS

,:iKure 8. Pinched toru_ model

Th_ probability of eollislo_ of • sate_li=e

which m_kes • pass through _be dsbri_ clo_/ can be

spproxismted as the pro_ct of the sstellite's

cross-sectio_l area, _he debris cloud de_sity,
sr_ the diataoce through the clo_]. The distance

thzou_h the cloud is a function Of _he unusual
inclination between the satellite cad the debris

orbits. Debris density decreases as the cloud

expands, so the probability of collision is

inversely related to the time after intercept.

The passage Of a spacecraft through the ClOUd i•

illustrated in Figure 9. The probability of
collision for • satellite over the entire simule_

ties is calculated in progrn DE|RIg by two

methods. It can be the average of collision

probabilities for individual cloud passes over

time, or a s_x/m_ (peak) probability. Discus-

sions of the specific algorithms in this progra_

are co.rained in References 2, S, end o. Once the

collision probabilities are found, they can be

normalised with respect to the existing background

(u8_ural a_i _n-made), an_ the hasard of the

breakup cae be assessed.

LLt__ "e •

PIV_E_EO S_TE

Figure 9. Spacecraft passing thro_dh cloud

h.3 T/mini £nhancem_nts and Optimization

When program D£BllS was first developed. _he

program wee costly to run. When it was seen that

the program would have more use than jusL In
occasional r_, the need to speed up its tsar.ties

became a high priority. Applied Technology
Associates (ATA), located in Mountain View,

California_ was selected by the Air Force to

address this problem. _orking closely with The

Aerospace Corporation, ATA reheated the prolram on
8 Su_ 3160 workstation, a_d belau tvo tasks to

decrease the run time, replaclng inefficient code

in Task ', and _eveloplng optimised algorithms in
Task 2. &TA reduced t_e execution time by about

one-third in Task I, end by sore than half in

Task 2. Figure I0 shows the isprovements as a

function of the number of payload vehicle_. These

improvements have been imFlenented into program

DEBRIS. Further information on the york pcrforwed

by ATA can be _ou_.d in _efsren_¢s 7 and 8.
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5. Cnobotov, V. A. _nd D. B. Spa-scar, "l_bcia

g;_lulion an4 Lifetime Foilowla; an Orbltal
Brask_p," A:AA-_O--O085, Presented at t_e 28th

Aerospace Sclencc8 Nesting, 8-II January
1990, Beno, Nevada.

_40_

100 t----- DEBRIS2
--- DEBRIS3

3 100 280

NUMBER OF PAYLOAD VEHICLES PROCESSED

Figure I0. DEBRIS timing ana!ysis on • Sun

3/60: DEBRIS! = original Aerospace code;

DEBRIS2 = ATA Task I version; DESR_S3 = ATA
Tas_ 2 verslon

5. Suarnary and Conclus!ons

An approach to modeling breakups of objec:s

in orbit_ and a description of the resulting

debris cloud have been presented. Program IHPACT

_roduces the number £nd velocity distributions of

fragments for m direct (head-on), partial

(glancing-blow) collision, or a nigh-intensity

collision. The debris cloud is nodeled in program

DEBRIS as an expanding spheroid which becomes a

torus centered on the original circular terser
c_blt. The cross-sectional a_ee of the torus is

exvressed in terms of the initial spread velocities

of the fra_nts, orbit rate, and the earth's

oblatenems and atmospheric perturbation ievels.

6.

7.

8.

Spencer, D. B., "Space De_rls Hazard

Software: Progr_ IMPACt and DEB;IS," The

Aerospace Corporation, TOR-O089(_87-O_)-I,
December 1988.

Cooley, H., et el., "Assessment of the

IHPACTIDEBRIS Software Prototype," Applied

Technology Associates _eport N_.
0D-050-072-00, December 1988.

Cooley, E.. et al., "IMFACTID£_RIS Softvsre

Prototype User's Guide," Applied Technology
Associates _eport No. 0D-050-073-00, December
1988.

The IMPACT and DEBRIS programs de_:ribed

briefly in this paper provide a means for an
eva]o_tlon of the short-ter_ collision hazard to

resident space objects sfLer an orbital breakup.

These prosrams will continue to evolve as

development continues and new lsboratory an_ t_st

data ere incorporated.
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B_JPS AND THEIR EFFECTS O_ THE CATALOG POPUT.J_TION

D. S. McKnight * and N. L. Jo_.n&on .t

Abstrac_

Ninety-nine satellite breakup

events have resulted in 7458 trackable

o_jects being cataloged by the Space

Surveillance Network (SSN) of which 2940

are st_ll in orbit. The vast majority

(96%) Of this debris resides in

altitudes with orbital periods below 127

minutes. The remnants from these

fragmentations now account for 44% of

the total cataloged population and 57%

of the low Earth orbit [LEO} population.

The accurate assessment of the effects

of breakups can only be performed by

looking at all aspects of on-orbit

population growth. The total population

is divided into lower LEO [LEOI), upper

LEO (LEO2), high Earth crbit (HEO) and

geesy_chronous orbit (GEO) regimes.

Most of these subsets of tl_e total

population have individually exhibited

linear growth rates combining to result

in a catalog population increase of 240

per year. The debris generated by

satellite breakups is the most variable

portion of the population due to the

randomly spaced large additions by these

events and cyclic cleansing by solar

activity. Cessation of fragrmentati_ns

can significantly improve out LEO

environment as it alreaoy has in toe

I000 - 2000 km (LEO2) region. An

analysis of objects in geosynchronous

tvansf_r orbits (GTO) shows that there

is a great dependence on the inclination

and argument of perigee of a GTO

satellite to the hazard it pose_ to GEO

sacellltes. (All data is current as of

R 9ecember 1989.)

The effects of the 99 known

satellite breakups [i] has been

substantial. Yet, the true accounting

9f their impact on space operations can

onl_ be accurately appraised by

examining fragmentation debris with

respect to other sources contributing to

the growth of the catalog population.

Figure 1 shows the breakdown of the

total trackable on-orbit population.

Fragmentation debris accounts for 44%

while inactive payloacs (20%), rocket

bodies (16%), operatioPal debris (14%)

and arrive payloads (6%) constitute t_e

_emai_Ing population. The historical

growth of each of these components will

be presented for a variety of orbital

regimes.

Figure 2 depicts the breakdown of

th_ components of the on-orbit

;,opulation in each regime. The LrO

#,,pulatlon contains 75% of all cataloged

_b_ectS in similar proportions to the

tctal catalog. The I|EO and GEO regions

Associate Professor, USAFA

*, _dvisory Scientist, Teledyne

Brown Engineering

| _,_ >_r i_ declar_ a w_k of Ihe U.S Govcrn_l a_

show a larger percentage of payloads and

rocket bodies and a smaller amount of

fragmentation debris. This trend may be

more the result of an inability to sense

and track fragmentation debris than an

actual characteristic of the population.

The orbital categories used in this

paper are:

ALL ALTITUDES (CATALOG) - the total

cataloged population minus space probes

LEO - up to 127 min orbital period

LEOI - up to I05 min orbital period

LEO2 - 105 to 127 min orbital period

GEO - 1436.2 +/- 16min orbital period

HEO - not LEO or GEO (includes

circular semisynchronous, "Nolniya", and

GTO satellites)

GTO - geosynchronous transfer orbit,

perigee in LEO and apogee near 35,787 km

ILLtAltitudes

Figure 3 depicts the historical

growth of the total on-orbit population.

This plot was crea_ed by excluding space

probes and by adding fragmentation

debris to the catalog in the year it was

created :_ot necessarily when it was

first de£ected [2]. Over 200 space

probes have officially been launched

with well over I00 still "in orbit".

Y_t none of these pose a collision

hazard to any Earth-orbitlng satellltes.

The linear growth rate of 240/year since

1959 provides a good approximation to

the actual growth. The fluctuations in

the curve are primarily due to satellite

breakups and cyclic solar activity. The

debris produced by breakups are greatly

affected by solar activity as evidenced

in the fragmentation debris curve.

Solar maxima in 1979-80 arid 1989-90 have

had the greatest impact on the

environment.

Figure 4 shows the contribatlons of

payloads and rocket bodies to be very

constant and linear with a combined

effect of 90/year. The operational

debris has increased very little over

time with the initial deposition due

mainly to the westford Weedles

experiment. Over the years,

fragmentstio_ debris has averaged about

half of the total population, as it does

now.

The LEO population growth is shown

in Figure 5 with a 190/year growth

plotted against the actual growth.

Nearly all of the cataloged

fragmentation debris are in LEO (2835

out of 2940). By dividing LEO into LEO1

and LEO2 regions a better understanding

of debris growth rates is a_talnec.

Most objects in the 1000 to 2000 km band

(LEO2) probably will not have an_ effect
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on system_ such as the S_ac_ Station and

the S_ace Shuttle for decades since

atmospheric drag has a negligible impact

at these altitudes. Figures 6 anO 7

show the population growth in LEO1 and

LEO2, respectively. The growth of

frag+_entation debris in LEO1 is very

erratic but still fluctuates about an

annual linear increase of about 120.

The plot of growth in LEO2, Figure 7,

shGws a leveling off of fragmentation

debris which led to a flattening of the

total growth curve. The drastic change

• ay De explained by examining the

l_catzon and severity of satellite

breakups over time. Table 1 depicts the

number of satellite breakups in. each

orbital regime (data from Reference 1).

Table i. Orbital Regime of Breakups

1960-1977 _ _ _

Breakups 4 24 16 44

Breakups w/+10 1 5 15 21

Objects in Orbit

1978-Present HEO LEO1 LEO2 To_11

Breakups 17 35 3 55

Breakups w/+lO 0 9 2 ii

Objects in Orbit

Data in Table I shows that only

about a third of all satellite breakups

h_ve ten or more objects still in orbit

(substantial). Through 1977 about 70%

of the "substantial" breakups occurred

in =_02 while only 18% since 1977. Five

breakups over an eight year period (1969

- 77) produced 1121 catalogued fragments

of which 884 are still in orbit. These

ever,is produced a substantial rise in

the LEO2 population.

While the fragmentation debris and

rocket bodies have shown little growth

in LEO2 since 1977, the number of

payloads has grown steadily. Figure 8

highlights the fact that fragmentation

debris deposited in LEO2 before 1977

still dominate the population desplte a

leveling off of its growth over the last
decade.

Geosvnchronous Orbit fGEO)

The GEO regime is defined in this

paper as 1436.2 +/- 16 minutes orbital

psriod which provides an altitude buffer

of +/- 360 km about the GEO altitude o_

35787 km. Figure 9 shows that

ogerational and fragmentation debris has

little effect on GEO growth. This may

be largely the result of limited

resolution of objects in GEO. The

deployment of payloads in CEO is the

major source of GZO catalog growth while

th_ rocket body population has also

steadily increased. Of the nearly 400

objects shown as being in GEO orbit at

lesst I0% bare outdated eIGment mats

("lost") or _ave been soved to

supersynchronous dispo£al orbits.

The growt_ rate in GEC exnlbited

two _tages. From 1963-1973 the

population grew at a rate of about 4-5

per year while from 1973 to present the

number of GEO objects has increased at

about 22 per year. The use of linear

rates to describe the historical growth

of GEO oversimplifies the complex series

of technical, operational and political

ccnstraints that affect this orbital

regime. Thus, analysts should be

careful in predicting the future of GEO

simply from this limlte_ database.

Hiah-Earth Orbit {HEO)

A :lEO satellite is defined as any

one not in LEO or GEO. Figure i0

depicts the growth of objects in HEO

showing nearly equal contributions by

payloads, rocket bodies and operational

debris. The operational debris is

mainly the result of the Westford

Needles experiment. The limited amount

of fragmentation debris in the HEO

catalog may be largely the result of our

inability to sense and track objects at

high altitudes especially when they are

in highly elliptical orbits.

HEO objects contain three major

classes of satellite orbits: seal-

synchronous, "Molniya" type and

geosynchron_us t_ansfer orbits (GTO).

Semisynchronous orbits are being used at

an increasing rate as the MAVSTAR and

GLONASS systems are being deployed.

Rocket bodies used to launch these

systems remain in semisynchronous

transfer orbits (SSTO) with perigees in

LEO and apogees around 19,000 km.

"Molniya" - typ_ satellites have large

inclinations with ap._gees around 40,000

km and perigees in LEO. The thi_l major

type of H£O orbit is GTO which results

from the placing of satellites into GEO.

The HEO objects of most concern are

those that intercept the LEO

environment. Figure Ii shows the number

of objects per lOOkm increments that

have perigees below 500 km vecsus their

apogee. Sixty-five percent of all

cataloged satellites with perigees below

500 _1 have apogees below 2250 km and

other families of orbits are readily

observable in the plot.

Th_ objects in GTO requite a closer

look due to their transit between LEO

and GEO .:Tions. T_e number of

cataloged objects in &TO is small,

accounting for less than I% of the total

catalog population. Y_t, closer

examination of other data (3-card

element sets) supplied by the SSN shows

that only half of these objects are

probably still in orbit. It is

possible, however, that _here are also

other objects that cannot be tracked in

this regime. Presently, the GTO

population is half rocket bodies and

half operational debris. These objects

are roughly grouped into three
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inclination bands of 7 (ESA), 27

(US/PRC/Japan), and 47 (USSR) degrees.

The on-orbit GTe population _ow accounts

for only about one-tenth of tLe total

ever placed into GT0.

The concern about GT0 objects is

that they encounter both LEO and GEO

thus, possibly, creating a unique cross-

contamination hazard (3]. To assess

this hazard three attributes must be

studied: (i) orbital lifetime, (2)

time spent in LEO and (3) time spent in

GEC First, the orbital lifetime of an

object in GTO is affected by its

inclination and right ascen',ion. A

lower inclination satellite is fairly

stable while any i_:lination above 36

degrees will result in a much shorter

lifetime due tc solar-lunar

perturbations that will depress the

perigee altitude [4]. Analysis has

shown that the GTO objects placed in

orbit by the USSR do not usually remain

in orbit for more than six months since

they select a right ascension value that

causes solar-lunar perturbations to

force the object to reenter. Reference

6 outlines re_sons why the Soviet GTO

objects decay so quickly. Other

spacefaring countries could easily

employ similar procedures to eliminate

the need for the present analysis by

insuring that ve_] few objeGts would be

added to the GTO regime.

Second, time in LEO is an important

measure o_ a GTO object's nazard. Let

us take for example 3 satellite with a

perigee of 350 km and an apogee of

35.787 k_ (GEe). %_is object woul a

spend only 2.2 and 1.5% of its 1_ri_

(ubout 10 minutes) per orbit belo_ I000

an_ 500 km altitude, respectively. The

orbital velocity is however greater than

other objects residing at these

altltudes by about 30%. For example, at

i000 km the circular orbital velocity is

7.35 km/s while it is 9.58 km/s for the

example case. Since probability of

collision is a function of relative

velocity _uitiplled by time, the

effective time in LEO would be

comparable to 13 minutes per orbit. Our

example GTO object, however, has a

period &bout seven times longer than LEO

orbits. As a result, over 50 GTO

objects in our example orbit would be

needed to pro4uce a comparable hazard as

one object in LEO.

Last, the time a GTO satellite

spends in the vicinity of the

qeostationary belt is of great interest.

This paper defines 300 km to be the

buffer zone within which a GTO object

will pose a hazard to geostationary

sa_e]lites. The example satellite,

_50/35_87 km, remains in the vicinity of

GEO altitude for 5S m_nutes. _his

eguates to 9.1% of iKs orbital perlod.

The _;orth-South (,_ormal to GEO plane)

J00 km component equates to 0.41 degrees

in latitude. Thus, for GTO objects to

encounter the GEO region where

operational satellites reside they must

also reach apogee at a very low

latitude. The iatltude of apogee (LA)

is found by

LA - - sin -I (sin i sin w) (I)

where w = argument of perigee

i - inclination.

The ergument of latitude is close

to zero only when i-O degrees or w-O or

iBo degrees. For the three incllnatlon

values of 7, 27, and 47 the argument of

perigee must be within 3.4, 0.9, and 0.6

degrees of 0 or 180 degrees,

respectively, to compromise the 300 km

buffer =one established. The Satellite

Catalog (8 December 1989) lists 23

objects on-orbit that have perigees

below 500 km and apogees within 300 km

of GEO. Upon further scrutiny it was

discovered that only 12 of these were

actually still in the prescribed GTO

orbit while the other II have _robably

reentered. Of the 12 objects none of

their latitudes of apogee were within

the 0.41 _egrees on 8 December 1989.

The closest object was within about 1400

km of the GEO belt in the North-South

direction at apogee. It should also be

noted that rocket bodies left in GTO are

characteristically smaller than those

abandoned in LEO.

At the beginning of each GTO

obgect's life it will have an argument

of perigee of zero or 180 degrees but

over time will vary. Figure 12 plots

the argument of perigee values vs time

for an object in each inclination (7,

27, and 4_ degreesj. The higher

inclination orbit has its argument of

perigee mo' : slowest (0.26 des/day)

while the 7 degree orbit's argument of

perigee changes 0.76 dog/day. Due to

this change, on the average a GTO object

will spend only 4-13 days per _ear

(i-4%) in the vicinity of CEO (North-

South direction). Combining this with

the fact that a GTO object spends only

about 9% of its orbital peril1 within

300 km altitude of GE0 the example GTO

object spends about 0.3% of its lifetime

near enough to GEO to pose a hazard (as

defined in this paper). This amounts to

about one day out of each full year. By

increasing the buffer zone to I000 km

the total time at risk to GEO increases

to about five days out of each year.

It is illustrative to review the

process outlined for assessing the

hazard from a GTO object by examining

two typical cases. Both objects were

deposited in GTO within two weeks of

eech other. Figure 13 contains a series

of plots showing the perigee, apogee and

latitude of apoge_ over time for a piece

cf Soviet operational debris w_th a 47

d_g_ee inclination. As discussed

earller, prudent selection of the right

ascensior_ causes the object to reenter

within six months. Figure 14 depicts

the orbital dynamics of an ESA-launched
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rocket body. Over time the perigee

fluctuates about 500 _ while its apogee

is cont_nual!y within the 300 km buffer

z_ne. Yet, the uppermost plot again

show_ that the latitude of apogee spends

very small amount of time within 300

km North-South of the GEO belt. This

object is cnly a "hazard" to GEO when it

:s w_thin 300 km radially _ normal tc

the orbital plane.

_ummarv

Figure 15 shows the contributions

of each orbital regime to the overall

catalog growth. There are six. major

conclusions from this study.

(i A linear growth rate holds for most

individual orbital regimes.

(2 It is important to specify an

orbital regime when stating a

.growth rate.

] Fragmentation debris has contributed

significantly to the catalog

population. It has been especially

important in LEO where solar

activlty acts to cleanse m_ch of it

from orbit.

_4 Changes in breakup characteristics

have si =nificantly altered the

debris envlronment of the LEO2

region.

(5) Objects in GTO pose a negligible

hazard to both LEO and GEO due

to their small number and orbital

geometries.

(6) Analysts must be careful in u_ing

the Satellite Catalog due to

complexities in Che cataloging and

updating proc, _s.
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Figure 7. _-P-02 Population Growth
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Figure 11. Hlghly Eccentric Orbits

Figure 12. Argument of Perigee vm Time
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ON-ORBIT BREAKUP CHARACTERISTICS
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Abstract

At present, about 59% of the in-orbit
.t_pulation tracked by the United States Space
Command (USSPACECOM) conszsts of orbital
debris. While some debris is produced in the
norrr.._i course of staging events aad operations, the
vast majority is the result of either inten'.ional or
accidental explosions and hypeawelocity impacts.
Recent research, performed at NASA/Johnson Space
Center, has esrab!ished means of performing a

post mortem on a ffagmentatmn event to yield a
quantitative probability as to the cause of the
event. Quantifies evaluated for event categccization
incl_le measured debris size (radar cross section),
orbital plane clannge angle, the three dimensional
velocity distnbuuon, and the dU-e_tionality of the
debris generated in a fragmentauon evenL This
Faper summarizes these studies.

Introduction

Approximately 43% of all objects currendy
tracked I by Lne United States Space Command

(USSPACECOM) are orbitaJ debris produced by on-
orbit fragmentauons. These fragmentations may be
the result of (i) hyperveioctty collisions either
intenuonal (such as Anu-Satellite. or ASAT,
tests) or unintentional, (ii) low-intensity

explosions, such as the Delta second stage .._.akups_
or (iii) high-intensity explosions, typical of

several classes of Soviet spaccerafL Previous
workea's 2 have identified signn_cant differences m
tl_ cumulative numl_Istze dismbuuons of debris

produced by these types of events: typically,
impacts are cL_'actmazed by power-law relations,
while explosions may be deumbed by exponentials.
Thus, the event's cause will determine the number

of debris proouces and, hence, the potential hazard
prescnmd by any breakup. Th.s result has two
obvious applications. Debris pmducu_n and

evoluuon computer models rely upor, data of this
sort in forecastingthe on-orbit environment and
its'associatedhazard.Also,theburg_omng discipline

of space iaw may incorporate these data into

effective means of arbm'auon of liabili:y in the case

of the damage or loss of a spacecraft due to orbital
debris. An examo!e is provided by the possible
interactionoft he Cosmos 1646 debris cloud and

the Ariane "rVSAT-I booster during the laner's
ascent and payload d_loyment phase.

Several Workers 3'4 have developed medx_logies

to characterize the event cause using
USSPACECOM radar/electro-optical sensm tug'work
obsc,'--,.ations. These techniques extract simple
features of the observed dam sets so as to form

characteristics for classifying the event "signature".
• Objective classification techniques 5.6 have been
devedOl_ at NASAIJohr.son Space Center over the
span of several years. These teclmiques _I) upoa
the examination of radar cross secuon OtCS) and
plane change angle to ascertain the cause of

breakup. Additionally, the mass distributionof
orbi'.al debris has been exmnined and _i_ technique
has been applied to a set of "callibrauon" sam',lites
of known physical dimensions and mass and to the
orbital aebns population. The efficacy of this
approach has been verified by reconciling Me
calculated .:_.bris cloud total _ and the dry mass of
the parent spacecraft or booster. Finally, recent
work has concen_ated upon the velocity and
angular dismbuuons of several major on-orbit
breakups.

Radar Cross Sections

Bess 2 examined the mass dislribuuon n'.sul_ng
from the three tyl_,s of fragmentations discussed
above and demons_ated that the cumutauve mass

disunbunon Nfm>M_ of the de_'iS is of theform:

N(> m) = Nora-_
(1)

for a hypea'velocity anrJact and

N(> m) = No _p(- ev_
(2)

Sv_ mp,/n_ ew,m_.
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ik

for explosiot_. The latter equauon may be
convert4 in,.o a diffcrentieJ distrabuuon of radar

cr_ss se.c,_,on (RCS) by the mass/a.,ca relauon m =

b A 5. where b is related to the dcnslty "_nd _ vanes

between 0.5 for a uniform pla_e and 0.75 for a
unli_'m sph*J'e. This gaves:

N
dN

In the Mi¢ scattering region. P.,'A is a function of the

ratio 2re�X, where k is the observing radar's

wsvelength and r is the radius of a scanermg sphere.
Combining equation 3 wid_ the Mie R/a,_on
suggests that the diffcrentud RCS dLsa-ibuuon can be
wnozm as:

dN KRaexp( 15R_)-_-= (4)

where _, _, and y are constants. Note that for _ : O.

this equation reduces to a power law, while 0L
0 _elds an exponential dis_ibution. If the
equ_on is normalized andre 'aux_mv, equauon

=L-TR3-_ (s)

is used, then the RCS d/smbuuon can be e×pressecl
a._:

¢Z ÷ | +'_

-air= r_(.+7)/:)x.:r.: c_-,-,,_---_L _.iL_m j j (6)

where the cha,'acmristicconr,tants a. Rm a,'Kly

_nt theas> "ototicrise,the peak. mxl the

asyrP,ptouc fallit,.hedifferentialdistributionCam
shmfld Ix:taken inthe applicatmnof t,"_equation.

however, as each of the paramet_ implicitly

depend upon the density _f debrU L-agments, the
observing radar's waveleng_, the altitude of
breakup, the atmospheric density history, and _h¢

age of the breakup. For example, a and y will

i,_rease while Rm wiil decrease as atmos'phczic drag
removes debris from orbit.

Equat::',_ 6 has been used in the a.-,alysis of all
[ragme,-,o.tion events producing 20 or more debris.
Rade.r _'ross secuon dam were grouped into ten
nonuniform _ bi,,u and v,ete fitted to eq_uon 6
_y a nonlinear algorithm. Figures la through 1¢
clc_ct typical RCS distributions for each of the

2:
"11

4¢

0

t? It,

II 14.

457

¢

I K 252 OillllS

IS _ I _ S 21 2S

IU!,l_,_,_ CIIO$S SECTION (n_)

?0.

' 1

1

.iOi

O| O? O( 0.| O! ') "? '' '|

Figure 1. A plot af the frequency d.tstributwn
of :ht we_ghiea ra,_- cross sectton for the (a)
NOAA 4 rocket booster (low- intensity)
fragm_ntatwn, (b) tht Cosr, ws 252 vehicle
(high- intensity) frasmemanon, and (c) thz P-78
(SOL WIND ) hyp_rvelocuy tmpacr.
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types of breakup event. F_gure la shows the
obse_ed 0asmbuucn resuAtmg fror;] '..he NOAA 4

rocket booster (Deita-class) bre',tkup, which zs

generally accepted to have been caused by a io_,-

intensity explosion (defined as a fragmentauon

resulung from m_ explosive not being m dLrect

contact with the contmmng structure-a burst caused

by overpressares _,ould also be considc,"ed a lo_,-

m,_-my explosmn_ The points with error bars are

d)e observed data. while the solid line _presents _e

best 13t to equauon 6. As may be seen and expectc, d,

',here is a clusmnng around the radar's visibility

threshhold. Figure !b depicts ;.he ttismbution for

Cosmos 252, _n alleged Soviet ASAT interceptor

vehicle. Thi.-, event is characterized as a high-

intensity explosion, and was probably caused by the

detonation of high explosives o_board the spacecraft.

Note that this _slribution _s s_..eTmr tl'_ that of the

Delta rocket body. Finally, Figure lc is a plot

of P-78 (SOLWL-ND) deb,ns resulting from the

only known on-orbit hypervelocity impact. This

dasmbuuon is even steeper than the explosion

signatures. Figure ,_'_ depzcts the three

dm'textstonal clustering of the bre2&up parameters a,

y, and Rm. The values of (z and y are in qualitative

agreement wed_ the work oi Be$%, suggesuag a

straple classificauon scheme. Collisionai

brealt'ups may be cla_sifie.d by Rm ~ O, high-

mtgnslty explosions by R m - 0 and ct • y, and )ow-

int_nsity explosions by Rm > 0.05 and a and y >
0.3.

Lg_ 2 Oi_

M_t5 - ._lJl

i: i

..<-- ;y.(
-_ ---.. i--" !0,_ I -"_,A-- _-,

_.iP'l.'[ _,Jl_ Iil-I 5161 C;il] _[ILSlT UlU : _II) llllJ_ _, |131_ _

Figure 2. A th,'ee-dimenstonal plot _f the

param_tgrs deroeed fr_ra the rt.,tZar cr_gss wctzon acaa for

_.S fragrrmmatwn everas

Plane Change Effects

Vetoclty perturbations are a sign_ficant

charactensuc ot breakup events. Such events wtil

alter orbital energy, angular momentum, and the

plane of the orDiL Since mchnauon changes are

_,e_' expensi,,e :n te.rrn, s of _elta-v and r,he

Incanataon m general shows no ageing effects, t_e

plane change a_gie yields t:me-mdependent

uifo,_auon regar&ng the fi'agmentauon events cross.

ta-_ck veloqty penurbauon. The spheracal mangles

shown., m Figure 3 depict the rehauon between the

plane change angle 0, the parent bod_,'s orhital

mclinauon ii, the debris' inclination if, and the

lautude of brrakt,,p. Mathemaucadly,

• ,, . ,, _* ,v I ': " '.# 'r

CS= _ .__y, S .S OSO, :_S, _

(7)

where SOl = S'.,/Sii and SOf = S!/SIf zaad C .and S

represent cosine and sine, rcspecuvely. The

arguments o.f latWade Oi ,'rod Of cam_t be deterrmned

u_nbiguo_ly from only '#,e latitude of the

breakup; however, both SeiSof and C0iCof w_LI be

greater than zero m all cases exceot when the

argt_.ent of lautude in near 90 ° or 270* or where

extrememly large veloc,,ty p. _urbauons were

delkvered to the de.Inns objects.

J

A; C

Figure 3. Breakup spttencal wrangle for the

parem and t_ fragment.

Wiese} 7 t-wst suggested that plane change angte

could serve as a descriptor of Lhc _ of explosion

a_d demonstratexi that the distr_buuon in piano

change angle could be fit by a Gaus._utn. This

dtsmbuuon may be. parame).tw,.'x.d by:

f re- %]" •
d.N A ex_ ' -. r:
d9- 2.,,/_" 2c 2 -

(s)

where O_ is the peak, er mo;t probable piano change

angle, o _s/.he varmnce, and _ t; the background
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Figure 4. A plot o/ the frequency dtstr,bution of

the plane change angle for the breakup o_" _a_ I/'.e

,N'O,_.A 4 rocket booster, (b) the breakup of the

Co._s 252 vehicle, and (c) the SOLWIND breakup.

level. FigL_'e; :a--_" snow .'-.be plane chas:ge a.nguJar

distnbut,.ons for the thr".e events exa.mine, d

prevlou.iiy. Again. t_he inchvidttal po:nt.s w]_ error

pars represer, t actuJ binned observau_.n_, wn.le _e

sohd Line represents the best fi', model to ,:_ttau_n 8.

Unlortunately. a three-d_mensional plu_ of Ot_, (_.

and "n reveals no cJear grouping of event by ivy.

However. combining the RCS dismbuuon data w_th.

the plane change angle para.mete.rs ',ea_ m a clear

c!ust_rtng of event cause. Thin may be seen m a

u_ee damensional plot of Rm, o', and c: m Figtzre 5.
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Figure 5. A three-dtmens:onai plot of ;_

parameters o: _m, and _r for breakup.., rote the ciear

separat_n.

Area and Ma_s Distributions

Debras area-to-mass rauos may also offer some

cb_es as to the cause of a fragmentauon and the

ch_'-actenstacs to be expected in the ensuetng debris

cloud. Using USSPACECOM htsto_acal RCS data

catalogs from the penod February 1977 to

January 1988, time averaged RCS values iuave I_.,en
calculated for all breakur events and a :.et of

"calibration" ob]e_cts. Addauon_lly, oroltal de_-.ay

was examined over th_s same ume period. Let.tang

the area-to-mass rauo remain a free parameter, and

assuming a ctrag coefficient CD of 2.2. dsag models

were u_tzed to f_t the observed orbital decay. Tb.tts.

for each ODJeCL. a tame-averaged _"ea-to-mass

rauo 6 wa._ estabhshed. Combining the averaged

131



RCS a_Id8 mm _ rauo, one _s leftwlt.hthe ob}ect

mass

.T/hemaas of u:t,x:tob)ec_ ma) be de._cni "b.v:

depxct tAe cumutm2ve mass d_:nbuuons obseTve_,d m

'..he NOAA a rocket boos:.,_r, uhe Cosmos 252, mad ',.he
SOL'_%-N _, breakups.

mR= 4 0 lrn.,_ _,o_ :_ C, 05 i9)

where mC, ts uhe a_tual mass as._ m R = <RCS>/6

The R-square of t,hts best fit is 0.828 If one

assumes t._'_.t the cadtbra,aon ob}ects are randomly

turnbhng, then tim effect. _e area may be wnuen as:

I { h(O O)sm Od_i_ (lOi
Ae_ = _lt

_.ad rnoma-, be rc_a'_cl to _c e,"fccuve n.,"ca by:

= -* 8. 0" I. 04.t C. 042

It ts lnteresung m no,..- that t?ds equation is m

agreement wiuh #to retauon of Kessler and Cour-

Palais 8. m = 62 Aeff; 13 if the Eglm radar's

erronous scali_g -.Tac_ 9 oi 1.7 is _ into account.

The mass of debris objects was calculated by

(*) computing me average area-to-mass rauo, (i0
computing _c time. average RCS. (iii) emlcuLating

mK by rauomg <P, CS> m 6, and (iv) using ear4uar,.or,

9 to compute m0. A be..*., fit _gression iinc was fit

tO the msu!ts and isgiven bT:

, t _6± a ,'_. !2
{m) = 37.97 {Acff } ¢ )

In ,smnat.mg the mass of L)te fragments, there are

etmes a&sociate.d w_th both the area.to-mass ratao and

the fluctu_ons in "" : RC$ values. T_ms me.a,s

that for a give., rna._ the.re is actually a

pmbablhty dcnsity funcuon in m_s, if this
funcuon is assume.d to be a Gaus,ian w,-,,ah

variance 0 2. _ f,.w,j_crmorcx,-mlude..so_c_va_on

thr_shhold effects of ',.he, Eg!in AS_J,'FPS-85 radar,
L_.en the "ob_rve.d" cumu_ve mass dastnbwion _s

_vtm by:

i: _" r . , -_1
';_>"' = T,_. : i - ,.f{,._ - _ ;, _-dT, ]_, " :_m _13)

_,hcr_ mc is thc "crtucad', or mmm-num observable

mass and ERF is the error funcuon. Figures 6a4)c
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Table I.

A comparison of mfcr_cc rnasscs and caJcuLatca2rr_csse_ of various breakup even_.

D

iP

i

popular name reference mass Ikg] calculated mass [kg]

LANDSA'T 1 R/B 869.0 i 129.617
LANDSAT 2 R/B 945.0 943.895
LANDSAT 3 R/B 945.0 1310.929
NOAA 3 R/B 869.0 791308
NOAA 4 R/B 945.0 1222A62
NOAA 5 R/B 945.0 1066.859
NIMBUS 4 R/_ 673.0 760.196
GMS (Himiwarl) RIB 945.0 1326.224
P-7g SOLWINrD 865.0 456.652

ARI,MqrE SP_T-I R/B 1415.0 1246.4_2

The total mass of debris in several debris cloud
was computed for _ clou& Table 1 compares the
results of this work with _ _ dry _ of _.e
sp_.ecrah iw,olved. This method has been found W
be accurate to 15%, with the exception of the
SOLWIND event. This may be explainable in that
a large m_rnber of debr_ ob_cts were observed
reenter irnmedmmly after the fragmentauon. It
i_ interesting to note that, typically, three large

objects were _xluced in the breakups of the Delta
rocket bodies. These are hFpothesized to be the
e_.gine componcms, prol_lmt lav.._'m'tzauon spheres.
engqne/l_yload mounts, etc. In the case of Soviet
ASAT inter_ept_r vehicles, a similarphenomenon
•_as obscr,,cd:a large "rump" sam.llim, carrying

about half the original mass, appeared m each case.

Velocity and Angular Distributions

One of the funa_nenml quantities m sateUi_
fragrnenuuioneventsisthe velocitychange suffer_

by an indi,AduaJ fragmemL "Themagnitu_ of these
changes may be used at indic-mrsof the type of
breakup. The directionality of the velocity
perturbationsmay give clues as to Lbe nature and
intensity of the explosion. The three orthogonal
velocity componeats of this velocity change can
be calculated by solving u'_e 'Jxr_ simulumeo_
equations provided by the c._nge in specific energy,
specific angular momentum and orbital plane
orientation.These componenu ate _e r_iia.!_.'_d

do_-range direcuons in the plar.e of hhe orbitm_d
the c_ss-range ciirecuon perpe_dictdar to the plane
of tl_e orbit m,d ai_-m,.g_,e angular momentum

v_. a.,zlategivenby:

dv r

'W

=.r T-_')- r-
L

l

dv d = _t_._.,. (1 _ e. 2) It_ v d (14b)

1 and

dv x "; _"_" ( 1 - e' 2)IT (14c)

_re.._,.h,-plane change angle g of the perturbed

ofoit _ m the _ orbit isgivenby:

and components of the velocityof ,,.he paten, are
gwe_ by:

1

1
"5"

1

v, --- :t: Iv2 -- vda? "_ (_6c)

where a is the semi-major a._s and e the
eccentricity of ti_e parent's orbit:r i._ the radial

distance to the breakup point and t_ is _e

gravimnonal parameter.

The velocity perturbations have been. calc.ula_
using the orbital elements from the
USSPACECOM hi_onca.l data sets and the

133



tooter.ares of the par_.'nt body at the ume of
breakup ft'om the catalog o._ Johnson and Nauer :0
Using these componems of veioow me to_ ve,oczry
c_xnge can be ca_cutaze._

c

Figure 7. A plot of the differentzal velocity
distribution, dN/dv, versus the average veloc, ty
change trrespecnve of the size. The solid line is _t
to a beta funcnon.

Figure 7 is the chfferentaaJ velocity dismbuuon
of all fragments seen in "he collision of P-78

(SOLWI'NT)) and indicams dlat the most probable
value _ around 60 m/s but the ma.xtmum extends to
360 m/s. This d_str*buuon can be fitted to a beta
func taon:

dN ct-I _5-1
d-'_-" -- A( v / v mas) (1 - v / v,,_c_t) i17)

where A. eL.and [3 are constants.

-,°

Table I1 gives the coefficients of the fit for

Delta class, the SPOT/Viking booster breakup, and
lugh-intcnslty explosions. They show different sets
of the beta funcuon's parameters. It may thus be
possible to add these parameters to a classifier
scheme

Table II.

A comparLson of funcuonal par_'_'_'_'_'_'_'_'_netersfor various break_ classes.

class A l] a l] 13 [] vm,x [m;sl

Delta R/B 15376.0 0.8846 27.0815 1554.68
P-78 58.3833 0.9404 7.3405 362.4a

USSR ASAT 368691.84 3. 342 42.2964 874.1

The angular dLsmbuuon of fragments in the P-78
breakup m arJother pom.,an_ly impor',ant attrabute of
the breakup. Benz eta/. !l have pointed out the
angu'lat distnbuuon of fragments as they emerge
from a breakup may p_-ovide an indicator of the
type. of breakup. They have suggc.sted various kinds
of bre.a_p patterns, such as the clam model, half-
segment model, and the ocmn. _ model that result
from various tank failure modes. The PISCES

computer code. prectictcd the range of velocity of the
fragmenlz. The model however does not produce a
velocity d_smbuuon. Although this mt'xlel ts
not apphcable to a hypcr_elocity collision, the idea
of looking a'. the angular dtstnbuuon is equally
vr.lidhexe. Ifwe acfinetheelem_m'y solidangle

as d[2 = sin0 d8 dO, whe_ O is tkeeagle b,-'wecn

rd',lJa.t velocity component ar_l the ve!cx:ity vector.

and ¢ ,.s the angle between dm cross.range and

down-range ueiocity components, then the angular
dis_buuon dN/_ is defined as the number of

fragments per unit sol,_ angte. This is clemty a

funcaon of O and 0. Figure 8 is a plot of dN/d_ as a

funcuon of 8 and 0. There is a rather pronounced

peak around 0 = 155 ° and ¢ = IO(Y'. The dastribuaon

is dcfinitcly no_ isota'op_c.

A naathematicalty elegant way to represent the
fragmentation event's angular distnbuuon is m mrrns
of Legendre polynomials. Such a representation
allows one to expressthiscomplic,ated distribunon

intermsof a few parametersal. and allowsfora

quanutative c,_panson:

dN
-_ ZX= a!Pl(e. O) (18)

n I
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As the ._',atastics m each e and 0 bm are not vet2/

gcxxt, these data can De looked a.r bv averaging over

a.,:_,muthal aJ:gles and examining the behav,.or of the

quana.'2,' f(dN/d.Q)dO, wtuch is a funcuon of 0 only.

Such a chstnbuaon can be exp:essed as:

N

y_0) = a0 -, 5- a!Pl(cos 0) (19)
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Figure 8. A plot of the a,gular distrtotaion.

tiN�rid'2, versus the colatitude. O. and azimuth. O. for

the P-78 br eaka4o.
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Figure 9. A plot of the ](dNIdO)dO versm_

andfl(mq/dOMO versus Ofor the B- 78 breakug.

Similarly, the colautude averaged di_dbuuon,

j(dN/d_q)d.a,, which is a function ef o can also

examined. ,-hese dismbul_cn are shown m Figtlre 9.

They indicate three preferential d_uc: s w_th me

main peak around (150 °. 100 °) and two
smailcr ,_,..aks around (100% 10 °) arm (28 °, -110 °)

re.s_.,_uvely

Breakup of Delta Class Vehicles

Eight of the propellant tanks used in the

United States Delta s,-cond-stage ttave ruptured.

leading to a s_gmficant source of man- made debris m

space, i_ both modeling the current debris

env,mnment and for ta.kang c3rrecuve acuon to

reduce the chances of these breakups, _t ts _mportant

to understand the causes that lead to these tank

failures. ,'Din analysts of pattern of the velocity can
provide some clues towards this end.
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Figure 10. A plot of the integrated angulaz

distnbutton, f(dJq;dK2)dO, versus. _ and f(dN/d.f2M_).

vers:_ _ for La.,admt-1 breakup. A comoanson of

th_se plots with the plots for the hyperveloc_r¢

colhsi_n. P-78. shows marked do_ferences.

Fig-are i0 shows the angular dismbutJon of

these fragments. This pattern is characterized by

mo.,zt of objects m one hemtsphere and only a few

in the other hemisphere to consera,.e the

momentum. There appears to be an axxs of

qymmeff'y which might be the plac z of rapture itself.

This single clam shape ts expected based on the

analysis of Benz et al.11 Integrating over the

azimmha! and zeni_ angles respecuvely clearly

shows pronounced peaks at about 0 = 90" and (t) = -

60 °. The velocay range of these fragments is flora 7
to 381 m/see and is somew.hat lower than the

predictions of Benz et al 11 of 15-510 rrdsec for

.0,a2-,n-_hick tar.K. Analysis of .'.he breakup of the

Delta 2nd stage used to launch l.andsat-2 and

Land_,sat-3 shows that the breakup pattern is nearly
identical )o that of Landsat-1, but the s-,mmetry

ax_s is not qmte th-,. same. The velocity ranges axe

28-345 m/see and 28-7_1 m/see respectively.

These values are in reasonable agreement with the
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work of Benz et aL 11 for a clam model using the
PISCES code.

The NOAA satellites we:e -,also launched on a
Delta class ve,qicie but with different initta_

conditions. :or -,",ample the reszdual liquid
propellant amounted to 133 kg compared with
88 kg for I..zmdsat launches. "l"ne general breakap
patient in this were similar to that cf Lan_ats.
However, the range cf velocities was 9 to 487
m/see. Al_ough me range LS sm=ilar to that of
Landsat, the maximum velocity were somewhat
larger. Benz et al, 11 nave offered several
explanauom for this behavior
be verified using C'Jese data.
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distribittion of the
velocity changes for ,he SPOT-Viking rocket booster
hr..up.

Breakup of Ariane V16 Third Stage

The Spot-Viking (Arianespace) breakup in
1986 was one of the most prolific in t_rms of the
namber of debris fragments generated. The cause of

vtis breakup has variously being _decuiated as due
over-pressurization of the tank, to catasmaphic
brgcRup of a prr,sstmz_ tank following a coLlision
wi',h a small debris fragment, and to a high
in_.ensity explosion based primarily on the
similarity of the plane change angle distnbuuon
with the distribu'aons from other known high
intensity explosions. In these studies about one-

haft of the cun'ently cataloged pieces were an_yzed.
Figure. I l shows the veletcity distnbuuon from this
breakup. The velocity range is flx>m 1.3 to 267
mtsec. The angular distribution 0=gure !2) from
this breakup, howev-,r, shows th,"ee well defined
pears. This distnburon is quite different from
that seen in the case of Landsat or NOAA

breakups and indicates a dtffer,,nt breakup
mechanism for -.hetwo cases.

Thus it can be seen that both the shape of the
velocity distribution and that of the angular
distnbuuon are different for different types of
breakups. The distribution function can
mathematically be exwessed in terms of a few
parameters. Incorporating these into a formal
classifier structure has not been done yet but can be
easily accomplished. This should fm'ther
improve the classification acctwacies.
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Figure 12. A plot similar to Figures 8 and 10
for the Spot-Viking brealutp. This distribution has
three peaks and iook.s rather different that, either
the Landsat breakups or P-78 breakup.

Conci,_sion

Techniques have been developed which allow
the user to categorize the cause of an on-orbit
fragmentauon and to d_cr_b¢ the prop_u_ of

debris fragments in the breakup of a sateilite
using the orbital element sets and knowing the
position of the breakup. These techniques eliminate
some of the deficiencies of the early techniques. The
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coefficients of the fit depends on the nature of the
breakup and ade,quately describe hypervelocity
trnpacts, low- intenslty explosions and high-
intensity explosions. Recent results mclica_ that for
clebrts size (> 15 cm) the velocity dis_buuon can
be fitted to a beta funcuon and shows a much larger
range of velociues than used earlier. This funcuon
is dependent on the nature of breakup also and
although there is insufficient data to prove It,
depends on size also. The results show, as
expected, a general _ of velocity with debris
MASS.
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FUTURE PLANNED SPACE TD_FFIC:,,,.,
1990-2010 AND BEYOND

Phdhp D. An/-Meado_
Lockheed Engineering & S:mnces Co/C23

Houston, TX 77_58

Abstract

Traffic models project the launch rate of
spacecraft and hence, rocket bodies and operauonal
debris, rote orbit. Since these activities add
numbers of objects and collisional area into the
environment, the traffic models =an drasacally effect
the growth of orbital debns. Current traffic
models are examined for (i) numerical growth rate,

(ii) dry m_ss growth rate, and (iii) areal growth rate.
These rates are compared with historical data. Trends
m the historical growth, the projected growth.
and post-2010 traffic growth are examined to
characterize each o! the three above interpretations of
on-orbit "growth".

lnlroduction

Since 1957, thousands of objects have been
launcheci intc, low Earth orbit (LEO).
Geosynchronous Earm orbit (GEe), and more
recently, the so-called middle Earth orbit (,MEG).
These objects consist of payloads and rocket bodies.
as well as their attendant ope_:iorta!, or launch,
debris. In addmon, over 10t) on-orbit
fragmentauons have deposited additional debris.
Figures la and lb show the breakdown o[ all
objects i:_ orbit and to date, as of mid-1989.

The quanufiable threat posed by orbital
debris to operational spacecraft and manned
platforms may be expressed ;n to, ms of a
probability of collision. This probability, t.,ased
upon Poisson s,,,.at_sucs, may be written as:

n

( 6L_ - Ct
Pn= n[ e (1)

where c _s the collision rate. This rate ma,/ be
computed 1 by:

particle size, and V is the volume of interest.
Clearly, the spaual density m ,,he volume element V
and the area of the objects within that volume are
primary drivers of the colti._ion rate.
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Figure 1. The number of objects in orbit
currently Ca) and to date _b). as of mad 1989: totals are
broken down by type and source.

= S S v VAt f(A .A)

where the a_ are the cross-sectiona_ area of the i th

particle size. v r is the relative velocity of the t_,rO

particles, the Si are _e spaual density of the i_

Tradmonally, "growth rates" have meant
either numerical growth of payloads and assocmted
hardy, are or those obl_t's mass increment to the total

on-orbit mass. Johnson:. McKnight and
Jehnson 3, _d others..,a have examined the ._istoncat

traffic in terms of these parameters. However, based

C.opynBht,_'t990bythcAmenc_nlns'ta_uraeofAea"o_taUesandAst/'_natu_¢ Nocopyr_g,ht_asr,_t_lmthcUmt_St_test.nd_T_©17 U.S cc_ T',',.e

U S Oovm'm,n_t has • royalty-fr_e L_cm',a¢ m ,_x,m'ex.r_ a_ nghU_ unOe_ the ¢agyng, ht c_a_ h_r_n,n f_ C_m_,crm"e_utl ,purp, t_,_ AIi o'_ r_ts arc _ by

me t.opyngtu own_

138



upon the above _rguments, the growth in total on-
orbit area is another quantity of importance. In
addition, several disparate cla._ses of spacecr'af_ are
subject to either intenuonal or accidental explosions.

Previous models 1 for 'doe producuon and
evolution of orbital debris have utihzed a

percentage-growth scheme, typically startzng the
evolution with a contemporary United States Srace
Command element set catalog or Space Survedlance
Center (SSC) catalog, "o propz, gate on-orbit growth.
The latest version of NASA/JSC's evolution model,
EVOLVE, uses instead (i) historical growth data
using actual spacecraft, rocke_ bodies, cw,., and fii)
projective models of the on-orbit growth, or t,'affic
models. Where available, these traffic models

provide a vista of the future much more accurate than
simple linear or percentage growth schemes.

The Historical Perspective" 1957-1989

Traffic modeling avails itself of many
techniques developed in the course of research on
the historical tr'dfic. .among these techniques
and associated topics are the es,'imation of mass
and'or area, modeling the launches as . -,ource of
operauonal debris, and estimations of expi,,_t_ ,a rates.

USSR

^ - ...... other mJL, I
=o { t!

g ,-' /i!?

_ I,
o

.0 "

_ " 3 .

! I I I I I I I
9 9 9 9 _ 9 9 9
G G G 7 2 8 8 8
I 5 9 3 7 1 5 9

/eor

Figure 2, Yearly average operational debrxs per
launch, e.g., a triple-payload GLONASS counts as
one launch.

Operational Debris Production

Ope.rauonal debris are typically shrouds, spin-
up devices, ballasL etc. d=scarded dunng staging or
payload deployment proceeds. Currently. operanonal
dcbr, s accounts for about 16% of all tracked objects.
An analysis of operauonal debris was performed
using a recent SSC catalog 5. The resul',s, expressed
as an average number of ope_tional debris produced
per launch, are shown in Figure 2. Not shown in
this figure are debris produced by manned platforms
of the Salyut/Mir class, due to their episodic
housekeeping conmbutions to the operational debris
environmenL However. debris dispensing spacecraft,
such as various spacecraft within the Soviet
Umon's minor military category of satellites_ were
counted, since these debris a_ apparendy produced
as a normal part of operations. Fragmentation
debris are not counted. Over the period 1980-87, the
Soviet Union produced, on average, 2.25 pieces of
operauonai debris per laLnch. In contrast, other
launches, primarily those of the US and the European
Space Agency (ESA). accounted for only 0.93 pieces
of operational debris per lzunch. These results are
incorporated into projections of the furore traffic.

Explosion Rates

Certain classes of spacecraft may explode on
orbit either as a part of normal m_ssion operauons or
termination or accidentally. Since the majonty of
fragmentation debris _e thought to have been

produced by explosions 6, monitoring this
phenomena and modeling _t accurately are a
fundamental part of traffic modeling. Table I
presents h stoncal r_tes of explosion per class of
spacecraft launched. Care musl again be taken in
the applicaaon of these rates, for operational practices
change over time. For examole, the Delta rocket
boosters have been modified so as to vent residual

fuel or perform depletion burns after payload
deployment; similar modifications have been
incorporated into the ESA's H8 Ariane third stage
vehicle. Thus, these boosters are assumed to be
removed from the list of available explosion
candidates. Operational practices or hardware
development may also change the explosion rate
over time. One example lies m the Cosmos 520-
class of vehicle, alleged to be the Soviet Union's
early warning satellites. The_ spacecraft suffered 15
breakups, assumed to be explosion related, during
the early phases of the program. However, since
1986, no more satellites of this class have

fragmented, perhaps indicating an operational
constellation.

Explosive fragmentauons are modeled using
Poisson staustics and elap_ed time on orbit. A

|
lw
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probability line, whose length ts one. may be
assembled by a summauon of the Pn- "I'he number

of exploslons of a vehicle or class suscepuble to

explosions may then be determined in Monte Carlo
modeling by choosing a random number bet_en zero

class

Table 1.

Explosion rate per launch as a function of spacecraft class.

• i =

explo_im_ rate/launch comments

Soviet P,/B* (_.003

non-SovietR/B 0.033

Soviet photo reax. 0.016

Soviet EORSAT 0.3

Soviet EW

SovietASAT

low-intensity** explosion
within 1 year of deployment

low-intensity explosion
within 1 year of deployment

high-intensity*** explosion
within 0.5 year of launch

high-intensity explosion of
Electrtmic Oc.e_
RecomnaissanceSATellite

withing 2 years of

deployment.

Early Warning satellite;
explosions _s:;med extinct.

Anti-SATellite intercep_r
vehicles; explosions
a_umed extinct.

m ).

* R/B = rocket booster

** low-intensity explosions are those caused by overpressure,
explosives not m physical contact wRh th'2 vehicle, etc.

*** high-intensity explosions are those caused by direct contact
between the explosives and the. vehicle.

and one. The portion of the probability in which
the random number falls then corresponds to the
number of explosions occurring in that time step and
volume ¢lemenL

Mass/Area Relations

Using data from the SSC catalog, the
Journal of the Britinh Interplanetary Society,

_l_Cd, llight, and other pertinent sources, a data base
has been compiled at NASA/JSC. These data
consist of cataloging information, common names,
sources, time on orbit, a simple shape descriptor,
masses, physical dimensions, and comments, usually
describing the function or payload _ype. When a
mass is not available, or not all of the physical

dimensions are present, mean values are used. Shape
descriptors are typically "CY" (cyhnder), "BX" (box),
"SP" (sphere), "EP" (ellipsoidal), or "IR" (irregular),
with r._any smaller classes.

The area of an object may be estimated,
assuming a randomly tumbling object, by:

] A(O, ,) sin o dO dO
A ff= 4"-'_n (3)

where Aeff is the effective area, and the integration is
performed over the sphere's solid angle. Figure 3
shows an application: a Soviet RESURS-class
spacecraft is deemed a cylinder of length I = 6.0 m
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and diameter d = 2.4 m. Care mast be taken m
applying this technique to spacecraft. Two
possible errors lnL_ns]c m the technique are the
assumption that the object is randomly tumbhng
and the assumed accurat.y of the physical
measurements. The former error, or one_tauon error,

is of importance because the greetest flax of debris
onto the surface of a spac_raft ,s m the local

F,gure 3. Areal analysis of orbiting objects, in
tins case applied _o a RESURS-F 2 or tater model
Soviet remote sensing spacecraft.

horizontal plane; the surface area of a gravity-gradient
stabilized spacecraft will most likely differ from that
of a ranaomly tumbling satellite. Expressed as a
percentage difference between tumbling and gravi:y-
gradient oriented cylinders, this appears as:

E= I11- 8a / 1+ 2a) II (4)

where ot is the length-to-diameter ratio of the cylinde;.

The second error, geometrical error, is based upon
uncertainues in the ac,ual physical dimensions of

certain spacecraft. Again using tt,e example of a
cylinder, the effective area may be expressed as:

Aeff= -_(d+ 21)
(5)

where d = diameter and 1 = length of _/_ecylinder.
Assuming a standard deviation of 5% is these
measurements, the standard deviation of Me effecw, e
area is:

_d/ 2
(I= -_'V l+(l+ot)

(6)

These two errors are depicted in F_gure 4; the
orientation error is applicable to a cylinder of any
size, while the geometric ratio is based upon a two-
meter diameter cylinder, such as a rocket body. As
may be. seen, ",.heerrors are less than a factor of two

over a range populated by the majority of spacecraft.

Figure 5 shows the results of the historical

traffic analysis for objects whose perigees are lower
than 2000 km in altitude. Figure 5a depicts the
numerical growth of objects launched into space
(neglecting operational and fragmentation debris).

The upper hne contams the cumulative number of
objects, w'hfle the lower sht, ws the time-dependen;
populauon. Over the pemod 1980-87, the numerical
growth was linear tn time, with slopes of 246
objects/year for the c_Jmulattve total and 109
ob;ects/yea_ _or the ume-de,pendent number. The
former number is tn good sgreemem with the work of
McKnight and Johnson 3- A de_rez_se in beth ctlr'ves

Figure 4. Percentage error as a funcuon of ct
(length-to-diameter ratio) for cylindrical ortentation
errors (dark line) and geometric e'rors (light line).
the la:ter being appli:-able to a 2 m-iiameter cyhnder.

is evident after the year 1987. TMs is attributable to
two occurrences: a higher tha;| expected solar flux.
and a drop in the total number of launches by the
So_iet Union. The former has accounted for
increased decay rates and reentries m the last two
years, and in general is consistent with the
modulation of the time-dependent growth in
previous Solar maxima. This conchtion is expected
to last through 1991. The Iztter tray be due to
econom_zation within the Soviet space program.
either through budgetary means or by the
utiliza_on of newer, longer lived spacecraft which do
not need as frequent replacement as previous clasps
of spacecrafL Figure 5b depicts the histo,,_, of the
mass growth m LEO. The cumulative mass shows
a linear slope, over the time period i980-87, of
-_pproxlmately 660000 kg./year, of which about
114000 kg/year, or 17%, remain on orbit.
Again, a downturn is visible for the t|me-dependent
lower curve, due to the Solar maximum. Finally,
Figure 5c shows the growth in area, both as a
cumulative curve and as a time-dependent curve.
Over the period 1980-87, linear behavior is again
evident The slope of the upper cumulative curve is
approximately 3080 m2/y.eat, while the lower time-

dependent curve grows at about 1100 m2/year. Solar
modulauon effeczs are again evider:t.
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Figure 5. The historical trends tn numerical
grow.h, ma_s growth, and oreal growth.

Several long-teJm elfects appear _unng
close mspecuon. For example, th_ tame-dependent
curve shows increasing slope during quiet Solar
conditions for each of three curves above. Thus,
whale launch rates, and the attendant growth of
cumulative mass and area. appear ilnear m ume, the
ac_uaJ on-orbit population, e_pcc..ially me mass and
areal populations, is growing at a small rate relauve
to the camulaUve populauon. Over time, or wzth
aggressive future launch rates, this growth may
manifest itse!f as a percentage growth rate whose
shod-term _ppearance is Imezt m t2me.

Traffic Modeling: 1990-2010 and Beyond

Several traffic models for the years 1990-2010
have been compiled by various US Government
sources. In certain cases, these models include

foreign parucipatao_. However. in general there
are no good manifesung models of _e foreign tr'dfic.
Johnson 2 esttraates successfi_! launches and mass to

orb._, for the USSR, the People's Republic of
China, the ESA, Japan, and Indua over the penod
1986 through 2000. New space-faring nauons, sucit
as Israel. and other potential sl_ace-f&-ing ,nations,
such as Brazil, are ignored since their total
contribution to the on-orbit environment would
be minimal. Of all existing traffic models, only the
US Department of Defense auempts to p_..dict traffic
to _e year 2020.

The Civil Needs Data Base

The Civil Needs Data Base is a NASA-

sancuoned compdation 7 of known and projected

architectures which a.,'e necessary to meet the
Governmental and scientific needs of the nauon.

This data base, rev,sed sem_-anually, currently
contains seven options for projected growth. These
are the Consttameo (Option 1_, No_'.malGmwth
(Option 2), Modest Expansion (Opuon 3), and
Aggressive Expansion C_ttons _A-4D. The latter
options include Mars Gateway (4A), Mars Evolution
(4B), Lunar Gateway (4C), and Lunar Evoluuon (,ID).
Space St.atton architectures are included in every
opuon.

Payload mass to orbit a_ a funct-,on (,f launch
year and op_Aon(s) is depicted in Figures 6a-6c.
l_igare 6a shows the mass ,,o orbit for the first three
options. Figures 6b ancl 6c superpose the addmonal
options of Mars and Lunar Base e_plorauon and
exploi.:ation onto the Constrained (Opuon 1) model.
I_ each czse. the large xacrease around 1995 is
prg_ected Space Station construction and support.
Th.e Mars and Lunar Base opuons envisage the
Space Stauon as a supp_: platform and "jumping
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Figure 6. Civil Needs Data Base Optwns:
payload mass to orbit. (from R_. . 7)

off" point. Hence, large liquid fuel payloads are
projected as being delivered to the Space Stauon.
However, like the Space Transportation System
(STS) and the Orbiung Maneuvering Vehicle (OMV),
transient payloads of this nature pose a mimmai
threat of aebns product_c_a to the environment.

Currendy, the. FY89 version o_ _.he CN_DB _s
being iatredaced _nto me NASA/JSC EVOLVE

computer model. Th,s wi!! _ltow the user '.o eT.an_.,he
m detail the :mpact var:ous opuons w:ll have

up,on _,e ofbltai debris environment

The Depariment of Defense _DoD) Da_a
Base

l-_e f._oD data base 8 actually conszs'._s of two

separate acuvmes: the normal DoD missirm models
and me Strategic Defense Initiative Orgamzauon
(SDIO') m_ssien models. A r_en: chailenger to
the ia_ter has been mission models

incorporating the so-called "brilliant pebbles"
mzercept_r vehicles

Tt_e DuD mission m,x:lels are mamutined by
me Aerospace Corp. for US Air Force 5pace Systems
Divis:on. Fully compatible with _he CNDB, these
dam sets contain the DuD's _tormal missmn
requtremems for meteorology, communications,
reconnaissance, etc. Constrained and Nominal
Growth opuons are model_4 The data base is
classified az the .¢ecmt level.

Two options m the DuD data base include
SDIO mission models. These options consist of a
kinettc-kall ,,ehicle (KKV)-based defensive system
(with additional commancl, control,

commumcai_oas, and intelligence platforms) and a
"luW' SDIO architecture. The full archi),_ture

encompasses a mixture of KKVs deployed dunng
Phase I of the scenario. Phase II would include

large directed energy weapor_s (DEW} platforms m
orbit. Figure 7 compares the cumulauve mass to

orbit as _ luncuon of the four Department of
Defense traffic model's opuons and launch date.
Not shown is _e "brillian: pebbles" architecture,
wlaich is currendy in a early stage of development.

"F
I

g
! / ,-_

t _ '

Figure 7. The cumulative mass to orbH of various

DoD/SDIO mission models. (from Ref. 8)
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At ,he present ume. the NASA/JSC
EVOL_,'E code utaiJzes rms_lon models dc_l,,'ed froth

unclassified -;_,p!anatory supplements to the
c_assified mission models. A slmuk_ted
b_lliant pebbles archrtecture )s also available. The
non-SDIO DaD contrabuuon zs sceJed to the 1988
DoD m_ss,_onmP.dt,fe.sk

Foreign Traffic

Unfortunately, no overall models ex,s_ of
the foreign projected traffic. SeverM short terms
mamfestmg models are available for the ESA's ,wiane
booster and its' succezsor, the Ariane V/Hermes

system. Japan. 9 also offers a fairly complete traffic
model into the late 1990's. The USSR, the

People's Republic of China. and the les_r space
powers have no ctu"rent tra[fic models available.

Johnson 2 predicts foreigr_ Iratfic for the major space-
faring nations unui de yeaz 2900 as a function of
successful launches and mass to orbit, taking into
account orbital decay. At the ume _f this
wnting, the EVOLVE code uulizes a steady-state
1988 traffic model for the foreign launch
conmbution_

Trends

Each of the models de_nbe_ above yxetds a
similar overall result; the years 1990-95 will be an

expansive one for '.,he l'g, the ESA, and other space-
fanng powers. Dunng this penod, new systems
and architecturea will be deployed. In the post-
1995 time period, a steady-state launch rate, similar
to the past five year's, will exist.

At least four factors have _mmediate beanng
on the growth Otmng thepost-'95 period "Fnr_oe of
these are the Interna_ ,r,r_al Spa_:e Stauon Freedoms
construction and mar_tenance, the Lunax/Mars
explorauon optaons, an._l the ;,ossible deployment of
a Phase I SDIO architecture. Any or all of these
scenarios could lead to short- term yearly growth a
factor of two to five tames the historical US growth
rate. Coupled with an apparent decline in the
USSR's launch rate, or a move by ,,.he USSR to
longer-lived, larger, and more co,w,ple_ space
platforms (as the US did in the mid 1960s),
however, the overall impact to the on-orbit
environment could be small.

Conclusions

Traffic models, both historical and

projective, increase the fidelity of orbiLal debt, s

evoia_,_or_ computer models thougi_ an intelligent
esumat_on of paJa.':aete_ re_ated to the on-orbit debris
environment. These pararaeters axe the
explosion rates, the numerical growtl':, and the a:eal
growttl ot obJeCts m orbzt. The latter two quanuues
directly affect the coliision rate. which zs itself

depender, t upon the spauM density o_-objects arm
their effective areas. Thus, traffic mode_s
influence dzrectly the caiculauon of the number of
e_.plos:ons ano colhsions as 3 funcuon of time, as
well as _e rate of operauonal debris deposition.

Work is conunumg on the analy_ls of past.
current, and future trends "n the traffic models.
;,ar;ong _e salient features of interest are the areal
growth rate and the long-term population growth.
As yet poorly understood axe the implications
inherent in tJ_.e linear or non-hnear mathematical
formulation of on-orbit growth.

Acknowledgements

organizations for meg support in the writing
of this paper: The Large Scale Programs Institute
of Ausun, Texas, and Applied Space Physics
of Friendsw_,xxl, Texas. AI.,,e, the author wishes to
thank Mr. Nichola_ Johnson of Teledyne Brov.,,n
Engineering for many informative _,ad productave
c,onversauons concermng Soviet space flight.

References

t. Su, S.-Y., and D. J. Kessler, "Time Evoluuon of
the Near-Earth ..Man-Made Orbital Debris

Environment". Lockheed Engineering &
Management Service Co., Ho,_ tom TX. Report
LESC-26316, 198Z.

2. Johnson, N. L., "History, and erojecuons of
Foreign Satellite Ma_s to Earth Orbit". Teledyne
B own Engmeenng, Colorado Spnngs, CO. Report
CS86-USASDC-0015, 31 Ju!y 1986

3. McKnight, D. S and N. L. Johnson, "An
Evaluation of the Ma:_s and Number of Satellites in

Low Earth Orbit". Presented at the CNES Space
Dynamics Conference, Toulouse. November I989.
1"o be published in AAS Space Technology Series.

4. Interagency Group (SPACE), "Report en
Orbita_ Debris". Washington, D. C., February,
198%

5. United States Space (Soramand Satellite
Surveillance Center tSSC) catalog, 7 December 1989.

144



6 ._,hns,_.n _N L _nd D..'. ".'auer_ "H!stor. of C_n-
Orbit Sat.'::i,,.e Fragf_er_tat:or.g '.._0", ed. "e)e0) _e
B:o._,n Engmeerm.g Coic_ra(_o Spr:rlgs, CO Repc, r._
CS_0-TR-JSC-O')2, January. 1990.

7. Bran_combe, D. R., 'Civil Needs Da'a Base.

IrY89 Verston". NASA, Washington. D. C., July
17, !989.

8. Space Transportation Plans and Architecture
Directorate, "DoD Space Transportation Missmn
Requirements Definition, Volume I: Discnsslon'.
The Aerospace Corp., El Segundo, CA, '2
December 1986.

9. anon.. "NASDA". National Space
Development Agency of Japan, Tokyo, Japan, !980.

145



BE!IA',,IOR OF ALUMINA PARTIC.LE EXItAUS q-.l) P,Y SOLID ROCKET MOTORS

RyoJlro AKIBA, Nobuak! IStlII and Ycshlfuml INATANI

The :nstltute of Space and Astronautical Science

Abstrac*

gxhaast plume of soi:d-prape! lant rocket

m,,t_,r c,:-_la;ns a conslderable amount of aluminum

_xide (alum;ha: AI_,O 3} particle. The diameter of

lll_se particle has been carre_ated by rocket

motor characteristics for the precise estlmatlon of

the motor performance. Although their size ranges

,-ver several _ to 10 um. they may be potential

"Space Debris' In case It remains In orbit. On., of

lhe ISAS e, perJences through th," research md

development of solid propel lant rocket motors

show good agreement with previous research

results In terms of a mean particle slze and Its

distribution.

A simple ana'ysls taking Into account of only

aerodynamic drag shows that there Is a possloility

cf remalnlng for relmtlvely long pe_Iod on orblt

for alumina particles exhausted by a klck motor of

a geosyncnr:)nous satellite, If the particle size Is

large. Based on the extrapolation of experimental

data. It Is estimated that e. Ol_ el total propellant

mass can become space dusts. But, furthe" analysis

turns out an aspect that most fraction of above

tarkIcles fsi!s lqlo dens? atmosphere within a half

year due to the perturbation caused by sola_

ra(ilat [c,n pressure.

l_omene lat ure

;I

(-.

t'c

l/

tl:

g.,'ml-major aMs

l-ccent riel ty

Eccentric anomaly

Solar _adJat!on pressure

Sun _ngle measured from perigee direction

Gravity constant of Earth

Argument of perigee

I. Introduction

Relatlvely small artificial objects In

near-earth orbit are Invisible and a c)illslon to

orbital vehicles Is unpredictable _,y neither

ground track_ng nor onboard sensln- These

objects are small pieces scattered by' vehicle

separation, pieces of surface paint of the vehicle

and s,; on and the particles whose sl_es are less

than se_,ral c'entlm,.-ters are scar_ y reported

and n,-ver known 5rein the records. A collision

prcbauiifty of such s,_a!l particle Is obliged to

estimate _0 a klnd of statist!cat or model-derived

distr!0utlon according to the fceque,:cy of the

launcil of satellites or space vehicles.
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in the exhaust gas of solld-propell_nt rockot

motors, a considerable amount of aluminum oxide

(alumina: AIz, O_) particle Is Included generally as a

result of high AI content as much as 18_ o" more of

,_eta! propellant mass. It means that more _han i/3

mass of propellant are expected to produce A1203

particles after oxldlzatlon by combustion. These

particle sizes are determined by a complicated

process In the combustlop chamber and the

expansion nozzle. In addition, the particle

diameter Influences the motor's performance It:

terms of the momentum and energy losses as a

particle-gas two-pha__e flow phenomenon 1,i the

expansion nozzle. Then. to know th ,_ partlcle size

is of great Importance fen the precise prediction

of the performance of such motors. An extensive

measurement of such particle sizes and a certain

correlation between the mean diameter and various

parameters of motor characteristics: motor slze.

combustion temperature, pressure and so on. In the

lltereture [11. In addition to these _otor

performance, a frequent launch of large

solid-propellant boosted vehicles such as the US

Space Shuttle may cause an environmental

pollutlo:L From view point of above, an a!7-borne

sampling and r?_uremenr, of act_ t! exhaust plume

gas at launch has been conducted [2].

The lnstllute of Space and Astrcmautlcal

Science (ISAS) has been conducting such

measurement Independently In order to improve the

accuracy In the prediction of the so!!d-propeilant

rocket motor performance through his development

of sounding rockets and satellite launchers 131. ,

prediction technique of motor performarce by

two-phase flow analysis has been developed by use

of these data 14]. In the follow'ng olscusslons, an

a_aunt of data obtMned th-cugh these activities

have been applied to estimate the poss_billty

whether or not such partlcle can be thz _ 'Jrce of

L;,e "Space Debris' In terms of the res_Jentlal

possibility In orbit.

A similar analysis i_as been reported In [5j

where diffusion of exhaust products in terms of

thermodyna_Ic _otlon of the gas bats been dealt

with. The present synthesis ta_es the above

partlcle motion Into account la relation to _,tsslzc

based on the sampled data in the nexl _ectlcn.

summary of the results of the part,rio diameter

measurement In relation to sampllr:f techniques and

the distribution of the diameter are presented.

Then a simple analysis to estimate the possibility

of res'.dual particle h, orbit Is conducteJ where a



liLlal kick stage lor tile lils_rllol| of the satellite MEAN PARTICLE OIAMETER:DA; I O I P ," r A r A
0| I A I DATA

Into a geosync|lronous orbit is assumed.

2: P__ai'tlcl____e L)l..____e__te__£rVlstrlbutlon E - m_"" .... _

_olld-prop.lz_,,t _ocket moto,s .,,d i,._ bee,, _ --_"-L_._l'l|]ll----llli !
conduct [nll tile sampling and measurement of 5 I _ _It_Hl-_'=_.i . l_d-_r]l I \ ",", I mill I
alumina particles to verify the rcsulLs presented

1. the literature _nd to apply IL to the _ ]

Improvement of accurate predlctlun of ,,otor _ L l__f_p_,__t._,,_r)r_.,.,1, _ _[_i___

performance. In which tow-phase flow losses and _ _--_t

partioleImpi.,eme.<<ot,,e°o, le.allhave,real " - '
IH4;itImportance for tlie design of upper-stale motors _ .... i

[6]. Table 1 shows the typical families of ,)

solid-propellant rocket motors wlth their use and

dimensions.

Table l Typical Solid Rocket Notur Developed

by ISAS
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llStl It-IV tllll 41 II llqlill_ ; lit
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II-a IW-INI i.iil I.t Ill I STile! if I
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• r tirilq Iii111 lAlllll ltlllll illilllll

P_" l',llll_liLml If I'V!t111¢1
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A series of sampling of alumina particles lias

been made In both the ground firing tests and

fllgh¢ tests of tile motors and vehlcles. A typlcal

Image of scannlng electron microscope of the

sampled particles Is presented In Flg. l where

particles exhibit themselues as flne and fair

spheres Figure 2 18] shows tile results of these

sampling based on various kind ot" sampling method;

water basin behind the exhaust plume, suction tube

to vacuum chamber, firing In a large vacuum

clLamber azld so on Tile results are presented as

mass welgiited diameter (D._=E:(d,'i/E(d,%). The._e

sampling technique are tested to f!nd out wlllch

way g,ves reliable results to know tlle accurate

pertlcle diameters, ilence the result shows a good

agreement wlth that of Improved SPP [I l as shown

hi Flg.2, we may conclude that tb_ difference among

eacll sampling method Is relatively small as long ,'_

of averaged diameter concerns.

2,i

Typical Image of Scanning Election

NleLoscope of Sampled Alumina Particles

FLg. I

TI'_IOAT DIAMETER, mm

Fig. 2. Result of Samplliig as a Functiol_ of Alumina

Particle Size and Notor Size

A typical distribution of the particle diameter

Is presented In Fig.3. This result Is based OIL tile

total number of r.he particle as much as 50PO wlllch

Is a _ery small portion of the total number of

particle, howevei" the number of sampled particle

may be enough to derive the curve of distribution

for the sake of the followlng analysis. Hind tidal

time particle Is a tlny and small enougi: and that

the number of them Is tremendously large. It Is as

much as 10 'n If all or them has a mean dlameter h:

case the total propellant weight is 500 kg.
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Fig. 3 Typlcal Distribution of Sampled Alumina

Partlcle Size

L
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i 3. Orbital Motion of Alumina Particle

Atmospheric Effect

As discussed 1:, the pre':ioos section.

tremendous number of alumlna particle is exhausted

by fiolld-prc_pellant rocket motor and they are

scattered to neer earth spac _ by every satellite

launch Into orbit at an upper stage burning. In

order to estimate the possibility of tile particle's

res;dence In orbit, here we deal with the apogee

kick for Insertion Into geosyncl_ronous orb:t as

shown in Flg. 4, since particles exhausted In low

orbit should fall soon Into atmospr.ere due to hlEn

drag acceleration. Assume that the vehicle

attltude lies In local horizon at the apogee of a

transfer erblL. The vehicle velocity Just before

and after the impuls!ve burn are 1.6 km/sec and 3.2

km/sec, respectively.

o____v2
VGEO = Vp
-,M

/ ( \/ \

\c>/
Fig. 4 Apogee Kick for Inse, tion into

Gcosynch ),)no,as Orbit

An exhaust velocity of alumina particle with

respect to the motor Is estimated by use of ISAS's

two phase nozzle f!ow computer prograJ for a

nozzle flow. The Initial condition for the orbital

motion of the particle l_ determined from those

particle exhaust velocities. Figure 5 shows the

result of the exhaust velocity relative to motor

and to Inertial frame. An expansion ratio of the

nozzle Is assumed by typical value of such motors

as 50 whose exhaust gas velocity is as much as 3.2

km and the throat diameter Is 50 urn. If the

particle velocity at the Injection is large, the

perigee altitude remains high. It m_y take long

time for the orbit of the particle to decay by an

atmospherlc drag. Then such _artlcle can remain

In orblt for a long tlme. :n such a highly

eccentric orbit, s;i approximate solution Is given

for estimating decay of the orbit in terms of an

a, mospherlc deceleration [71. Figure 6 shows the

decay rate of semi-major axis basing on the 1968

standard atmosphere against the apogee velocity

of the particle, _hlch approximately corresponds

to the decay rate of apogee height; 358_0 km at the

L)eglnnlng. Rt.erring to Fig. 5, It Is demonstrated

that the large particle whos_ diameter Is more

than 2e u m may r: mains In orbit for a lchg time.
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Fig. 6 Decay Bate of Semi-Major Axis with

Ile3pect to the Apogee Velocity of

Alumina Particle

Now, we estimate the survival possibility of

such large particles. As is presented in the

previous section, the _umber of particle !s

tremendously large, it is easily supposed that

there still re_aln numerc, us large particles In

orbit. Figure 7 siaows some examples of fitting of

the existing data. which seems to be posslb!e to fit

In such a way. Also shown In Fig. 8 Is an

extrapolation to much l_rger particle based on the

above distribution, which includes number and mass

fractions. Although the possibility of existence Is

smaller as dla_et.er Is great, number of large

particle as derived In Table 2 seems not to be

neglected. In zhls table. 500 kg of propellant mass

Is assumed. It corresponds to the motor which

Inject 1_ kg of geostationary satellite. Now we

may deduce that such numbers of particles remain

In reiatlvely long llfe orblt by a _!ngle launch of

E
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lO0O kg geostatlonal ly satellite by

solid-propellant apogee kick motors as long as we

neglect the effect or the solar radiation pressure.

which Is discussed In the next paragraph.
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Fig. 7 Exi._ti_ig Distlibuti0n of Alumina

Particle Size
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^h,O= PAITnCLE DIAIqE-TER ( _ _)

Fig_ 8 Estimated Distribution of Lalge Alumina
Particle

Table 2 Number of Large Alumina Particle

P^RTICLE DIA. ( u u) _t_IEi:_ OF PARTICLE

I 0 i.6 _t 1017

20 2.G x 109

30 6.e x 106

AI t_ass fraction ; 18 _ Propellant Mass ; 5_9 kg

Effect ,_f Solar rladiation

Perturbed taotion of elliptic orbits of alumina

particles due to solar radiation pressure Is

treated In this section, corresponding to a

suggestion given by a pattie!pant from NASA 1:_ the

.lolnt NASA/ISAS Workshop held in May, 1989.

Results of numerical simulation show several

interesting features of change In orbital

parameters which are explalned by analysis wl_h

perturbation equations of planar motion.

in the first step, a numer!cal sltaulatlon Is

carried out for a typical size of alumina particle

which can survlv_ on the" orbit In the former

treatment. Assu_ed parameters for the Fa_tlcle Is

listed hi Table 3. Note that total mass of

particles with diameter larger than 25 um amounts

only 0.0ell of the propellant mass. In the

simulation, gravity of the sun and the moon are

taken Into consideration In the three dimensional

geocentric system together with the solar
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radiation pressuro. In tim first example, a

circular orbit with a radius of 40,000 k_ is chosen

hypothetlcall) as an Initial orbit to demo.strate

how the orbit Is deformed by the solar radiation

pressure. The history of deformation ls shown In

Fig. 9 In whlch orbit Is depleted In a Sun-Earzh

line fixed coordinate frame. In this example, the

density of the particle Is lnlentlona_ly put as 1 to

enhance the effect o_" perturbation. Ignoring

short period variation, we can notice monotonical

change In eccentricity and the sun angle that is

defined as an angle between th? direction of tile

sun and the direction of per!fee, while the length

of semi-major axis Is fixed.

Fig. 9 l)eiormation of Cilculai 'nIblt

$On.[sltk lille [i_ed ro'_lt_Sll ¢oo_dLnlte

Inltltl
O_blt

IClrcul*_)

Fable 3 Alumina I'a_ticte Character-tst=cs

_t"r_ll, flLIm I SXlO ' II/S _

llk-_li ty 3 gt/_l"

As a more reallst!c ease. a result of sJmulatlo:l

Is shown In Fig. 1_ for an elliptic orbit in whlcl-

the Initial sun angle Is chosen as a parameter, The

Initial orbital parameters are approximately those

values that are predicted by the previous

dlseu.uslon for th_ size of particle given In

TaOle 3. The history of eccentricity dep_,_d_

remarkably on the Initial sun angle. Orbita! l,fe

Is expected to be long only when the sun angle

lies In _+68 degree Initially. If we take particles

of 29 ua in place of 25 um In diameter, the

survival condition would be more marginal. _n

other words, only few fraction can survive amon_

those particles that are e.lasslfled a_; Ioog life In

previous paragraph if the local time of Ignition is

chosen r'-r,_o_,,_y for apogee kick. (:,f ('our_e. an

intenLloiiai selection of local time for ign',tioi_ of

kick stage would mlnlmlze the numtier of ::pacr_

deOrls originated from the burning of apogee kick
_otors.

A simple analytical treatment can clar_f:/ the

characteristic features appeared In the results o"

_____j,-_ ............. _. :



imu I at Ion.

If ,_e confine the problem to two dimensional,

the perturbation equations that _3overn the motion

of particles are given as Eqs. (1)-{3) In choosing

Independent variable of eccentrlc anomaly E.

d a 2a_PI
(sh,E cc_O - _1--; (l)- _. cosE s!nS)

dE /1

(5)-(6) since only 270 degree gives a finite value _o

the right hand side at the beginning.

In the simulation of Fig. lB. tile sun angle

steadily Increases. Since change In eccentricity

has a trigonometric function of the sun angle, as

seen from Eq. (5_, It corresponds to a phase of

steady forced vibration by the revolution of the

earth around tbe sun, unless the orbit h, tersects

with the earth's sure'-co due to high eccentricity..

d_e_ = a'P_ ( (I e*) sine ccsE cQs8dE u

_Fi-e_ ,'.l_cos'E)sin0 + 2e41-e _ cosE slne)

do _. a*Ps ((l+2e_e_) cosE cos8 +dE -;_-

41-e' sine cosE sine - 2c_O)

(2)

(3)

_:_,here,0 Is the sun angI_.

_ow, we can obtain a system of secular

perturbation by taking average over one

revolution for Eqs. (l)-t3). Converted equations

are:

/2"&a = 3a
d E = o (4)

Asln'e = -e_) "* d--'E U

_2_ dw 4_a'P, cose (6)

u--_dE -A_ = JO _e

wher.- Independent -,ariable Is the number of

re_ _)i_ tJ on.

As expected, the _ength of the semi-major axis

Is kept constant. This fact Is valid also for three

dimensional ease from the nature of uniform

acceleration In the field.

For the example of Fig. 9. Initial value of sun

angle starts at 270 degree, which seems to be a

natural conseq_,ence from the expreRslon of Eqs.

Fccentrtclty of Elliptic

4. Concludlng Remarks

-lef description on the particle size of

alumina exhausted from solid propellant rocket

motors Is presented. It demonstrates that the

mean diameter of the particle Is preoictable by an

emplrlcal correlation, and that data obtained by

several method in actual experiments support a

fact that distribution of the particle diameter

depends on the motor slze as reported in

:!*eratures. An analysis of orbital motion of such

particles taking Into account of only atmospheric

drag shows that relatively large partlcles can

remain orbit of long !Ife. An extrapolation of

qlstrlbutlon data leads to an estimate that

cumulative mass of those possible long life

partlcles s_ould amount to no less than 0.Bit of

total propellant mass. In other words, it means

that a slngle burn of an apogee motor of typlcal

size can produce space dusts of 10 a. But further

study on the orbital perturber!on shows that the

effect of solar radiation pressure remarkably

deforms established orbits through a change In the

eccentricity. An Ir, terestlng fact derived by thls

analysis Is that iFltlel d!rectlon of the sun

measured from the dltectlon of perlgee Influences

greatly on t,_e history of deformation of an orbit

As a result, only few fraction of possible long life

dusts should survive If launch opportunities are

assumed to be random, f4eedless to say. a proper

choice of local time for the Ignition of a kick

motor can minimize the st_'ace dust caused by the

exhausted alumina from sol_d kick _otors to Inject

geosynch ronous sate I l Ites.

Orbit

l 0
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"2 o._

Intlx&l• . Sun An|le

*-----6 60"

.... _,,_._,__,,_ " " J _ _oo"
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SPECIAL CONS]DERAT]ONS FOR GEO - ESA

A.G.Bird

European Space Research and Technology Centre ESTEC, Noordwljk

Abstract

A brief surve) of ESA's recent work related to

space debrzs In geostat_onary orblt Is given. The

emphasls ;s on the modelling of orbital motlon and

Cebr:s control. The toplcs studied Include mission

characters•sacs of the satellite population,

collision rlsk sensitivity analysis, propellant

gauglng and coordinated _tatlon keeping. Future

activities will be coordinated by a newly formed

ESA Space Debris Group, and risk reduction In the

geostat_onary orbit i• one of the areas specified

for attention.

The conclusions and reco_endatlons of the Space

Debris working2group were reported to ESA Council
in ESA SP-|10g • AS a result, the ESA Council has

approved a plogram for further •pace debris

acttvlttes under the coordination of s new|y

formed Space Debris Coordination and :ethnical

Analysis Group. The idoption of a disposal orbit

fur geo•tatlonary satellite• Is one of the

measures listed for early attention, a_d is

included in the implementation strategy _or debris

control.

I. Introduction

ESA's _nterest In debris in the geostationary

orblt (GEO)lorlglnated with a study Into cells•ton

probability , comm_•s]oned by the Unlted Nation•.

This work concluded that satellites abandoned It

geostat:onary altitude pose a small but real

probab:lzty of cells•con with active satellite•.

a_ that the coll;s;on rzsk would grow _teadzly as

the geo_ta_;onary orbit became more populated. It

was recognised that _ effective method for

reducing the primary collision risk is to remove

the spent sateil;te beyond the geostat;onary ring

shortly before ItS propellant Is exhausted. Thls

led to ESA's first geostltlon•ry satellite,

G£O$-2. being boosted some 260 km 1nag a circular

graveyard orbit at the end of its scientific

m_ss;on. The meteorological m;•s2on, Meteoset F1,

on the other hand, was maintained In geo•tationary

orb;t until fuel deplctzon, for operational

reasons

ES_ Is responsible for the control of several

geostatzonary satellites, mostly for

telecommun;cat;ons ip_llcattons, and c_rrent

planning shows th•t these wall reach the end of

the;r nom:n_l propellant lifetime at the rate of

about one per year over the next decade.

Consequently, as the next candzdate, OTS-2,

approached the end of st• mz••zon, questions mere

raison regarding policy, and • *re-orbiting"

workzng group was formed tO astebl:sh a conszstent

approach to end of ]=fe operations, in partzcular

to define the requirements of the disposal orbit.

Shortly thereafter, a "SpaCe Debris" lorkzng group

wzth broader terms o_ reference was formed, and

some attempt was made to extend the scope of GEO

debr;s ConsiDerations. in the content of global

_ebrls 1slues However, the e_Dhaszs On obtainzng

a dzsposa| policy for GEe remazned.

Additional industrz_14a_do,_ Internal work performed
in the meantime has reznforced the

conclusions of ESA SP-1109 and gone some way

towards provzdzng technical data for the

implementation of a removal policy. This paper

provides a brzef sMnl_lry of the main results of

that work.

2. Areas of Concern for ESA

I_ ESA SP-1109 zt was recognised that = us:fled

approach to global debris matters was called for,

and moreover that the hazard caused by man-made

objects in GEe is less acute than that Zn LEO.

However. zt was also _0ted that a number of

factors dlstzngu_sh debrls management in G_O. |n

partZCular, a dlsposal orbzt (hzgher altztude) has

already been adopted by a number of users and

there lS a possibility of formallstng this

practice within the UN committees. If no such

polzcy is introduced, debrzs wall accumulate

Indefznztely at the useful geostatzonary

altztudes, end collzszon risk wall increase to an

unacceptable level w_thln the nets few decades.

ESA's recent efforts have therefore concentrated

on problems which have • bearing on debris control

zn GEO. These are :

Population of GEe and Collision Risk

a review of the collision probability literature

revealed that although most studzes are In

a2r_e:ent that I co,,islon rite of the order of
I0-- po_ year may be expected for the current

population, these ere generally blsed upcn

statistics of the population, which go no_ take

orbital data into account. An_q_sam_hatlOn of the

orbital parameters •hewed that not all dereI:ct

Cop_r=lzh_ _ 1990 Amenc.tn Jnsz=¢ut¢ of h,erOnlutJci and

Astron&uttcs. |no _g rtSht$ relei_ed.
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ob)ect$ are crosslng th_ useful GEO rlng, the

others being In drlft orbits with little chance of

phySlcal Inierference w_th GEO, An InoePendent

survey of the GEO population, orbital

characteristics col)islon rzsk and trenOs was

therefore called for.

Collision Risk and Safe Altitude

Although many spacecraft operators declare

themselves willing to boost their spacecraft out

of GEC at the end of life, a w|da range of target

altitudes has been adopted. For example, in papers

in%ended to raise the matter at the International

Teleco_unlcations Union, altitude increases

between 50 and 400 km have been proposed, with

little consideration for the behaviour of the

orbit of the abandoned spacecraft,

[SA has therefore made long term orbit simulations

to determine the radial variations of an abandoned

Spacecraf_ ash : function of arsa_to_mass and
longitude . i work has now been extended to

analyse the sensitivity of collision risk aS a

function of Initial altitude, area-to-mass and

attitude behaviour of the abandoned satellite.

Propellent Gauging

The desire to keep a commerc:al spacecraft In

serv]ce as long as possible, In order to maximise

the revenue from It, leads to operation until

propellant Is almost e=hausted. Current methods

for the estimation of propellant are rather

Inaccurate, however, resulting in a burn

implementation which Is either hazardous or

wasteful.

This topic was therefore reviewed with the aim Of

assessing the state of the art, and promoting the

development of technology. Including both

continuous gauging and dedicated systems, such as

"spare-tank" concepts.

Coord:nated Station Keepln_

7
Recent studies have indicated a possibility for

rather large collision risk betmeen satellites

operated at the same nominal longitude without

coordination.

ESA has some e=pertence in controlling two of its

own telecommunication satellites mithln the same

deadband, and is now participating in coordination

strategies w_th other operators at 19 deg. W.

3. Geostatlonar_ Orbit StatlStlC$

Geostatlonar_ Satellite Lo_

Using the same essential data source (USSC/NORA_

two-line elements) and the same data collection

period (February 1988) as In ESA SP-]109, MBB/ERN0

h "= Independently compiled a geostationary

satellite data base. This has been supplemented by

a survey of model missions. =lth the elm of

determining =11 key parameters relevant to the

re-orbiting problem, such as area-to-mass ratio,

dimension, launch date, lifetime, attitude

stability type, characteristics of the propulsion

subsystem etc.

Using the orbital parameters, such as eccentricity

an_ semi-major awls, plus other external

Information on the s_atus of each mission, it has

been possible to separate the controlled or active

and abandoned or inactive population. The results

confirm the StatiStiCS given in ESA SP-llO9, and

may be summarised at follows.

There are about 296 catalogued satellites

(excluding upper stages) l_ the vicinity of GEO of

which about 110-130 are actively controlled end

about 150 non functional or abandoned satellites.

Furthermore, there are about 102 upper stages

around GEO. Of the non-functional satellites and

upper stages about 113 have their nodal crossing

within +/- 50 km of geostatlonary altitude

(fig.l).

It ts to be noted that the ma2n physical parameter

of interest, area-to-mass ratio, varies

considerably according to spacecraft type and

throughout mission lifetime. Values between 0 005

and 0.05 can be encountered.

MBB also sent out = questionnaire to a]l me]or

satellite operators, requesting information on

their policy for disposal at end of life. The

results Indicate only about 15 satellites

reorblted to date, and differ from ESA's own

survey, which suggested a figure nearer 30.

However, Lccording to the _B survey there appear_

tO be a global trend towards adopting orbit

raising as a practice, and by the year 2000 a;

many as 60 Spacecraft may have been boosted out of

orbit.

Trend Anal_sis

The trend in the GEO population (fig.2) ;s based

upon catalogue information up to the end of 1987

and a forecast of the evolution uO to the year

2000, ,sling ]FRB advanced notifications.

A Slml:le statist,eel method was used for

preliminary analyst= of the trend In collision

risk as the population of the geo_stettonary orb:t

Increases (fig.3). This analysis treats the

abandoned satellita$ ss a population wlth uniform
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longitude distribution, each of which cro•ie$ the

geost•tlonary ring twice per day. ]t does not

allow the actual density distribution or orbital

par•meters of the satellites to be taken into

account.It il assumed that satellites are

abandoned in GEe it the end of their planned

If•time. The mallmum dimension of abandoned end

• clive satellites were 10-20 m and the useful GEO

ring was taken to be 50-150 km.

The results ere expressed in Perek numbers, which

is the expected time in years to the first

collision between •n •clive and abandoned

satellite in a reference scenario consisting of

100 act;re and 100 abandoned satellites crossing

the O.1 degree geostat_onary ring. This refence

• con•rio 15 rather representative of the current

situation and • typical Perek number is 500 years.

Xt 1$ seen that the collision risk will increase

by a factor cf about 5 over this period.

4. Collision Ris_ Sensitivity Analysis

ESA's early work 1 uses an analytical orbit

genera.or for the long term evolution of the

g_OSt•tlonary orbit. However, this study wet

limited to an analysis of the affects of

Spacecraft abandoned in the geOstatlonary ring.

More recently, [SA has analysed the motion of an
abandoned satel|lte In • graveyard orbit-. It was

found that the action of solar radiation pressure

On the abandoned satellite is the dominant _ffect

and large radial variations in the graveyard orbit

can be expected. These variations are In general

agreement with simple theory for the growth of

uncontrolled eccentrlcty with constant area to

mass rat=o, typically 75 km and 200 km for

tree-so-mass r=r:¢; of 0.01 end 0.05 respectively.

This Collision probability a_elysis has now been

extended using • sem:-an•lytica] technique for

the orbital evolution of the graveyard orbit. Xn

order to perform an analysis of the sensitivity of

collision probability to various orbital and

satellite characteristics, the collision rate

between active and In•clive satellites has been

computed as • function of the fol!o_zng p;ra_eter$

- the station kzepzng deadb•nd of active

satellites

- the longitude distribution of the active

population

the eCcentricty of the orbit at the time of

abandoning • satellite

- the rid;us of the graveyard orbit

- the area/mass ratio of the abandoned

satellite

- the date at which the eaSel|lie il abandoned

- the longitude at which the satellite is

abanooned

AS an example, fgs 4.5 show the sensitivity of

Perek n_mber as a fun, ton _f different initial

longitudes, area-mass ratios and initial altitude.

A number of interesting conclulione., _-_=r w'sd from

this work :

no matter how or when • satellite is

abandoned In the geostetlonery ring. it will

present a collision hazard for current and

future use. The collision risk may vary by s

factor of up to a few times for the range of

conditions (longitude, eccentricity,

area-to-lease etc.) which pertain when a

spacecraft Is abandoned.

the orbit raising of satellites at the end of

their propellant lifetime Ix belt implemented

as a multi-Impulse manoeuvre, using a

succession of intermediate transfer orbits

between the initial geostationary and final

circular graveyard orbit. In this way, the

¢ollison risk will be reduced step by step,

thereby minimising the impact of any

unexpected termination of the manoeuvre due

to depletion of propellant. A three burn

approach will generally be adequate, and

after the second burn the collision risk il

significantly reduced, so that a failure of

the third, circularising burn wi|l not be too

detrimental.

the eccentricity growth due to solar

radiation pressure ls seen to be the dominant

effect. Thus the larger the area-to-mass

ratio of the abandoned satellite, the l•rger

radial variations and the higher the dispose|

orbit needed to null the collision

probability.

e_trepolatIofl of the results obtained for the

sensttivlt) to eccentrtcty indicates that

upper stages 1_ GT0 (the geostationary

transfer orbit with perigee •round 200 km and

eccefltr;cty of 0.73) will pose negligible

co111$1on risk in GE0.

Safe Altitude for the Graveyard Orbit

The objective of orbit raising is to leave the

satellite in a graveyard orbit which will not

interfere with the geostetionary ring. To this

end, the mtnlmu_ eltI'ude to null the collision

rate has been computed over 20 years as • function

of the area-to'mass retie of the abandoned

satellite and different longitudes. Figures 6.7

illustrate the upper and lower bounds obtained

over the range of longitudes. The difference is

caused by the earth's gravitational field and

vanishes for higher altitudes. The figures show

the behaviour for various epochs and the O.I

degree geostatIonary r_ng.

.dl e

A least square f;t to the computed results yields

the following formula for the altitude raising,

for an epoch of 14000 M3D and 0.1 degree ring :

da - 1271A + 56 km
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;his formula may be explained as follows. The

width of the 0.1 degree ring Is 37 km. The

additional 19 km are due to the pertu, blng effects

of earth end _oon: the tassere] harmonic 3 2
causes a deviation in semI-ma3or axis end tee

combined affect of the grsvststlonal fields of the

earth end moon csu;_ motion of the eccentricity

vector.

Theoretically the radial variation in the orbit of

an abandoned satellite due to solar radlat_on

pressure is given by:

dr ,, 0.022 A a - */- 928 A km
@ s •

Thus this vlrie_ion dr can be accounted for by an

Increase in semi-ma_or axis of g28 A km. The

remaining 343 A km ere due to the e coupling

effects of the s_olar rcdiation pressure and the

gravitational forces of earth and moon on the

eccentricty vector mction. The maximum variation

over any period is highly dependent on the

sun-moon constellation over that period.

It should be noted that the above results have

been calculated on the assumption of zero

collision probability over 20 years. It may well

be that after that period eccentricty variation

exceeds that during the computation interval. The

time spent crossing geostetionary height would be

rather short, but a finite but small risk would

exist. This ¢ou|d be obviated by adopting a

conservative initial target altitude Moreover,

slightly different behaviour occurs for each

e_och. A fine! formula for the safe altitude has

therefore been derived by enveloping the results

obtained for various epochs for the 0.1 degreP

ring. Thls is :

da - 1600 A + 65 km
e

AS an example, for ESA's OLYMPUS satellite.

launched in 1989. the effective area-to-mass ratio

It the end of life is calculated to be 0.06S m/kg,

glvlng In orb]t raising requirement of 170 km or

an Impulse requirement of 6.2 _Isec. Thls is

equiva!ent to two months of north-south station

keeping, subject, however, to the uncerta]nty In

propellant estimation.

It is debatable whether additional allowance

should be made for the altitude band needed for

drift orbits. Generally the passage time Is short

and the collision risk at these altitudes is lom.

Moreover it is probable that the effective

area-to-mass ratio in graveyard orbit IS lower

than nominal duo to tumbling, and the application

of the above formula mill then y,_ld •

conservative value.

Attitude-Orbit Coupling

The maln tim:ration of the fordgo:ng analys]s :s

the aSS_umption of constant area-to-_mass ratio for

the abandoned satellite. Abandoned satell|tes will

eventually lose operational attitude etebsllty_

spin or t_mb)e for some time an_ finally reach

tome form of passive stabIl_satlon. An enelytica]

study of attitude stability-- has identified four

basic, passive stabilisation modes : b_dy-spln,

gravity-gradient, solar radlatxon pressure and

magnetic stabilisation.

Of these body spin stablllsat:on and gravity

gradient stabilisation are thought to be the most

likely. A spacecraft which Is body-spln stabilised

in Operational configuration w;l! probably retain

its spin for many years In graveyard orbit, since

energy dam_lng will only result from week effects

s_ch as eddy currents, photonlc thrust and

temperature variation.

On the other hand, In abandoned, momentum-blas

stabilised platform will initially spin about Its

malor axis of Inertia, normal to the orbit plane.

This condition may also be expected to last for

some time, and results in an area-to-mass value

which is typically only 25Z of that In normal

mode. However, in sizing the graveyard orbit, the

long term gravity-grad:ant stabilises;on mode

should be considered.

In a preJ;minary analysis of these effects, MBB

has calculated the daily eccentrlc_ty growth In

the gravity-gradzent stabilisation mode. It Is

concluded that _ith similar reflectsve values of

both sides of the Solar array, the eccentricty

will be bounded. _ith strongly different

reflective values • secular variation In

semi-major axis could occur. This _opic is o*

fundamental importance In s;zlng the target

altitude, and It Is planned tc :nvestIgate It

further usxng analytical averaging techniques to

include the attitude behaviour Into the orblt

model.

5. Propellant Gauging

ESA has conducted a survey of all available

methods end instrumentation for liquid propellant

gauging under zero gravzty conditions. There are

over 30 different techniques for COntinuous

gsuglflg, inc|udlng inferential, direct measurement

end accounting methods. In general, the muthods

identified as suitable have a limiting accuracy at

the and of life of +/- 1X full scale. This

Inaccuracy fir outweighs the propellant n¢_ded for

orbit raising, which is typically 0.2X of to_al

propellant. In order to guarantee an orbit raising

capability, the maximum devlation of the

propellant estimate must be sl_j_wed, for. anO

results in an e_penditure of some 2-4¢ of the

:nitial oropellant load.
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In order to circumvent this problem, and avoid

such s penalising requirement, ESA has exam;ned

"spare-tank" cone•pSi under lls Page Technology

Programs. Two concepts have been Identified,

consisting essentially of an in-line reserve tank

with • bubble detector u¢-stream. Existing

equ_;_ant, such aS in line filters. Can De used so

that the development coat is very low.

However, sn u|trssonlc flo_Rneter, which promises

to yield a measurement accuracy of 0.1X. is now s.

an advanced stage of development in [urope. Such a

high accuracy, continuous gauging system offers

many advantages beyond the apDIIcatlon to the

and-of-life boost. These include s reduction in

wet mass. through lower residuals and mixture

ratio off_et, and a capability for _lSSlOn

planning and propulsion subsystem diagnostics -

with cons;derab]e benefits in terms of cost and

reliability.

It Is planned to flight tes: these concepts on

[SA's next communications technology s?te]l;te,

the Advanced Relay and Technology Mission,

foreseen to be launched in 1994.

_. Coordinated Station Keeping

There are now a number of orb;ta_ positions of the

geostatlonary arc which have _ore than one

sate]lit• assigned to t_em. notably 37. 31 ,19 and

1 deg. W and 5 deg. _. The coil,s;on risk was

_nltlally assumed to be negligible. Moreover, it

seems that any dtscusslo_ of physical interference

Is llke]y to complicate the frequency crowding

problem. However. some studies 7 _nd_cate a quite

substantial collision hazard, of up to ) encounter

per year closer thar_ 50 m. This ;s due to the fact

that satellites with Slmllar physical

characteristics follow similar tra]ector3es in

space, although systematic errors In tracking

systems and d:fferences in spacecraft performance

will obviously pla) an important role.

The orbital slot at 19 deg, W is ¢urrent]y

occupied by three operational satellites. These

are OLYMPUS F) (7/89), TVSAT-2 (8/89) and TDF-1

(10/88). owned by [SA, the Deutsche Bundespost

Telekom (DBT) and Tel•diffusion de France (TDF)

and operated by the [SA operations centre (ESOC),

and the German and French net•oriel operations

centres GSOC and CNES, respectively.

Due to the possibility of colllszon, those control

centres have developed _and adopted coordination

and avoidance manoeuvres . There are basically two

approaches to the problem :

station keeping manoeuvres era un-coordinated

but orbit dat_ Is exchanged. When a close

approach is predicted, an avoidance _G_euv_e

IS made.
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the indzvldual orbits are phased In

eccentrlcty and /or inclination relative to a

reference orbit.

Unfortunately, dlffsrences In •Dig•craft

characteristics, luch ss aria-to-mess ratio, and

_floe_rl implm_tltio_ features, much as

cross-coupling of N-S and E-W Impulses, and sun

angle ¢onstralnts, render the reference orbit

sub-optimal for one or more part|clpanta.

resulting in I Small propellant penalty. Moreover,

the aystemat_c errors betwee_ *racking Sylt_r_s Can

be quite !•roe (a few _m) end a calibration hal to

be made.

A temporary solution has been adopted by these

agencies, with Treat-2 moved In longitude to 19.2

deg. W, and OLYMPUS and TDF using l a_mplifled

coordination around 19.0 deg. _. a more vzable

coordznitlon strategy foe the future, when three

or more satellites are involved, has yet to be

defined, taking the operational constraints into

account.

Nevertheless. this activity is seen to be

significant towards alerting spacecraft owners,

operators and also the MARC to thls part_Cular

aspect of physical _nterference, and wi]l help

_lar;fy technical issues, and set the standards

for future COOperatiOn between agencieS.

7. Conclusions

Recent work has relnfGrced the conclusions and

recoe_mendatlOnS of ESA $P-1109 and prov)de_

clearer gulde|lnes for the Implementation of

debris ¢ontrol.

In particular,

The population of GEO has been reviewed. This

confirms the time tO flrst co11151on to be of

the order of 500 years. By the year 2000,

however, the risk will have Increased by a

factor of up to $ If no disposal pc]Icy Is

adopted.

The sensitivity of collision probability to

various parameters of the disposal orbit has

been examined. A formula for the target

altitude has b_en given. A deeper

investigation into and-of-life attitude

stability and the attitude-orbit ¢ouplzng

problem is needed to substantiate this rule,

which may be conservative.

Improved propellant gauging methods are under

davelol:_ent whzch will alleviate the problem

of operating to O'_let_or: In _0 for

commercial reasons.

Eaperi_e_tat;on with coordinated station

keeping strategies It 19 deg. N will prepare

for the future needs of sat•lilts operators.



In _uture GEC debrzs aspects will be addressed as

pert of en overall ESA space _ebrls program. _nder

the coord_natlon of e Space Oebr:$ Coordlnat;o_

sn_ Technical Analysis Group (S[X3J.The terms of

reference of the new SDG allow ;t to address these

_sues In S structured faxhzon and in the ]on_

ter_ it _s to be hoped that mandatory standards

can be adoptld.

In particular, the S_G w_ll establish plan_lng,

Introduce programs standards for the evo;d;nce

end _;n;misatlon of debris, end cl-ry out project

reviews to ensure c_m.plilnce of spacecraft design

end operations. Near term activities for debris zn

GEO _ill znclude;

Coord_netion of ESA technical investigations

end Its activities with other oper_¢ors.

The requirements o_ spacecraft design and

operations will be assessed. In formulating a

debris control policy, the role of the

hardware failure rate should be est_bllshed.

The tlgnlf;cance of the collision risk due to

IbanOoned satellites w_11 be assessed

relat;ve to other _obr;s effects, Such as

upper stages in transfer orbit, small debrzs

originating from breaK-up or ejected as par_

of a mission or secondary coll_s_cn between

abandoned satellites.

The suitability of the higher orbit as a

dlsposal optson needs to be confirmed. Other

rMaoval options will be exam;ned for

credibility and feasib_llty.

Maintenance of S database for assessment of

risk and trend analysis.

Further analytical studzes ire planned

covering sttltude-orb:t couplzng in the

graveyard orbit, ,no the lmplementitlen of

coordxnated seat;on keeping stretegxes.
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PESULT$ IN OKBITAL EVOLUTION OF OBJECTS IN THE GEOSYNCHRONOUS REGION

Larry Jay Friesen and Albert A. Jackson IV

Lockheed Engineering and Sciences Company

Houston, Texas

Herbert A. Zcok and Donald J. Kessler

NASA J©hnson Space Center

Houston, Texas

The orbital evolution of objects

at or near geosynchLonous orbit (GEe)

has been simulated to investigate

possible hazards to working geosyn-

chronous satellites. Orbits of both

large satellites and small particles

have been simulated, subject to per-

tJrbations by nonspherica! geopoten-

tia! terms, lunar and solar gravity,

and solar radiation pressure. Large

satellites in imitially circular or-

bits show an expected cycle of incli-

nation change driven by lunar and

solar gravity, but very little alti-

tude change. They thus have little

chance of colliding with objects at

other altitudes. However, if such a

satellite is disrupted, debris can

reach thousands of kilometers above

or below the initia:[ satellite alti-

tude. Sm_li particles in GEe experi-

ence two cycles driven Dy so_ar

radiation: an expected eccentricity

cycle and aD inciinatior, cycle not

expected. Particles generated by GEO

insertion _tage solid rocket motors

typically hit the Earth or escape

promptly; a sm_i! fracticn appear to

remain in persistent orbits.

_Yianim_

_V Delta-Velocity, or velocity

change from a maneuver or an

impulse

GEe Geozynchronous Earth Orbit

LEO Low Earth Orbit

_TSCO McDomnell Douglas Technical

Services Company

NASA National Aeronautics _nd

5pace Achr_nistration

SRM Solid Rocket Motor

Orbital evolution simulations

have been carried out for certain

classes of objects init; ally in or-

bits at, near, or crossing geosyn-

chronous orbit (GEe) . The purpose

for these investigations is to learn

whether the orbital evolutions of

such objects can generate hazards to

working geosynchzonous _ateliites.

Previous studies of the orbital be-

havior of objects at geosynchroPous

,listance have included investigations

by Allan, Heckler, and Van der

Hal,2,3, 4 The studies reported here

are intended to check this earlier

work with an extremely accurate orbi-

• 5
ta! integrator , extend the work, and

investigate certain specific ca_es in

detail.

Simulations have been carried out

for crbits of both large satellites

a_d sm_ll particles. The size and

mass ass_7_d for _ large satellite

are taken from the parameters for a

co_unication satellite listed in the

Civil Needs Data _ase6. This satel-

lite has a cross-sectional area of

9.8 square meters and a mass of ].275

kilograms. Small paruicles may in-

clude such things as paint flakes,

debris fragments, or aluminum oxide

particles from solid rocket motor

(SRM) exhaust. The particle sizes

considered are described below with

the small-particle case discussions•

Large satellite cases have been

simui_ted both for a satellite ini-

tially at _EC_ and fo_ sa£eilites in

storage orbits ranging from i00 to

Thi- pap¢1 as declared a v_ork of the U.S. '5overnmet, t and

is _ot subject to copyright protection in the United States.
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600 kilometers above the GEO alti-

tude. Placing satellites in storage

orbits of this sort at the ends ef

their operational lifetimes has been

considered as one possible means to

reduce the likelihood that they will

collide with satellites still operat-

ing_ For both the geosynchronous and

storage orbi_ cases, the iniuial

large satellite orbit is assumed to

be circular and equatorial.

The small-particle cases treated

have been of two classes: particles

initially in circular equatorial geo-

synchronous orbits, and aluminum

oxide particles in the exhaust

streams of GEO injection stage SRM's.

Simulation Description

The simulations were performed by

following the paths of individual

particles (Cartesian position and ve-

locity components) forward in time

from a specified initial orbit

condition. This was done on VAX and

Cray computers using a !Sth order nu-

merical integrator developed by Ever-

hart 5 .

Perturbative forces simulated

included:

I . Geopotential harmonic terms

through 4x4 as given in a

model by Bond et al. 7

2 . Lunar and solar gravitation,

with lunar and solar posi-

tions based on analytical

expressions taken from the

K%L_z_a_i_ll Klma_a_8.

3° Solar radiation pressure.

This is important primarily

for small particles9,10.

Orbits for objects initially in

circular, equatorial GEO were often

started at longitudes near the

"stable points" resulting from the

Earth's J2,2 potential term, located

near 75 ° east and 105 ° west.
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Further specifications of the

cases simulated, and results obtained

to this point, are given here.

Findings fer Large_

A large satellite initially in

geosynchronous orbit has been simu-

lated fo_ periods up to I00 years.

Orbital parameters from one run are

shown plotted vs. time in Figure I.

The "delta sa" parameter is the dif-

ference in semimajor axis from the

geosychronous value.

Large satellites have also been

simulated in storage orbits at alti-

tudes 100, 300, 500, and 600 kilome-

ters above the geosynchronous

distance (initially circular, equato-

rial orbits) for intervals ranging

from 400 days up through 1,000 years.

(Not every orbit has been simulated

for every interval.) Orbital parame-

ters vs. time for a typical case, I00

years for GEO+I00 km., are shown in

Figure 2.

The clearest pattern observed for

all of the large-satellite simula-

tions is an orbital inclination cycle

with a maximum value on the order of

14.5 to 15 degrees and a period of

approximately 53 years. This is con-

sistent with the inclination pattern

expected by Heckler 3. However, Heck-

ler states that the cause of the in-

clination cycle is that the orbital

plane is precessing about an axis

displaced 7.4 degrees from the polar

axis of the Earth. This does not

match simulation results for the

right ascension of the ascending

node. Although the nodal position

pattern has the same period as the

inclination, rather than precessing

always in the same direction, the as-

cending node oscillates about a cen-

tral value (near zero degzees, for

the cases shown).

Radial excursions for the large

satellites are quite small. The com-

bination of the most ext_em_ semima-

jor axis change observed for any case
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with the most extreme eccen:ricity

ob3erved for the same case results in

a maximum total radial displacement

of around fifty kilometers.

Debris from Disrupted _atel!ites

Although large satellites exhibit

little change in radial distance from

the Earth for intervals up to the

1,000 years simulated, will that re-

.main true for fragments of such a

satellite, if it is disrupted for any

reason? A delta-velocity (_V) of

1.8 meters per second is sufficient

to enable an object initially in a

near-GEO orbit to intersect orbits as

much as 100 kilometers higher or

lower. Thzs ratio of 1.8 ;_/sec per

I00 km is nearly linear over several

hundred kilometers above and below

GEO.

To estimate the potential reach

of satellite debris from _ disruption

near GEO, a satellite disruption mod-

elled in low Earth o_bit (LEO) has

been extrapolated to the GEO region.

The LEO model was based on actual ob-

served disruptions. In accordance

with these observations, it is as-

sumed that the breakup creates about

500 fragments with dimensions of I0

centimeters or larger. The initial

dispersion velocity of the fragments

with respect to the center of mass oi

the original satellite is likewise

assumed to average 100 meters per

second.

On these assumptiu_s,o fragments

of this debris can reach orbits as
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much as 5,000 kilometers above or

below GEO. As Figure 3 illustrates,

the flux of fragments peaks at the

breakup altitude, and is on the order

of 10 -9 objects per square meter per

year at that altitude. The flux de-

creases approximately exponentially

away from the breakup altitude, as

shown by the straight-line approxima-

tion. The rate of decrease is ap-

proximately a factor of two for every

600 kilometers above or below the

breakup _ILltude.

The conclusions that can be drawn

from this information are twofold:

Moving a satellite to a storage orbit

a few hundred kilometers above or

below GE0 at the en_ uz its

operational lifetime will signifi-

cantly reduce the chances of that

satellite hitting anything in GEO, so

long as it remains intact. However,

if the moved satellite breaks up for

any reason, such as a propellant tank

rupture or collision with a meteor-

oid, the chances of GEO targets being

hit by debris from that breakup are

only moderately reduced, compared to

the chances of being hit if the

breakup occurs at GEO altitude.

FindinGs for Small Particles Initially

Particle sizes assumed for this

_cztlon of the study r_nge_ from 1

millimeter down to 6.28 microns in

- " "7 ........
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diameter. For determining .:ross-

sectional area to mass r_ti_s for

calculating solar radiation force,

all are assumed to be aluminum oxide

spheres. These spheres are assumed

to be perfect absorbers of solar ra-

diation, although the same results

would be obtained for perfect re-

flectors 10.

Initial orbits for all of these

cases were assumed to be circular

equatorial geosynchronous.

The gravitational perturbations

on these particles are of course the

same as for larger objects. So what

we are looking for from these parti-

cles are effects due to the addition

of the solar radiation force.

Solar radiation effects on orbi-

tal evolution were barely detectable

for 1 millimeter particles. The ra-

diation pressure brings orbital ec-

centricities up to 0.09 for 0.I

particles. Radiation perturbations

become quite important for particles

40 microns in diameter and smaller.

Orbital parameters vs. time for

the case of a particle 10 microns i_

diameter are shown in Figure 4. The

"length of asc node" and "length of

dec node" are the orbital distances

at which the nodal crossings of the

equatorial plane occur. The horizon-

tal line in each plot is at the GEO

distance, so each time a curve

crosses the line, the particle has an

opportunity to hit objects in geosyn-

chronous orbit.

Two p_incipal effects of the

solar radiation perturbation are

observed.

The first is an eccentricity

cycle w_th a period of about one

year. Peak eccentricity increases

with decreasing particle size. For

particles with diameters less than

7.25 microns, the peak eccentricity

becomes so pronounced that the mini-

mum perigee becomes less than 1 Earth

radius; i.e., the particle hits the

Earth in the first year. This effect

was expected from previous studies of

the effects of solar radiation pres-

sure on objects in Earth orbit, such

as that of Allan (1961) 9 .

The second effect is a variation

of inclination with time. This has a

period ef several years -- about 8

years for the example in Figure 4.

Smaller particles have both shorter

inclination cycles and higher peak

inclinations than larger particles.

For the smaller end of the size range

considered (just above the size that

hits the Earth in the first year),

the inclination pattern can be as

short as 4.5 to 5 years, and the peak

inclination as high as 45 to 50 de-

grees. The difficulty in pinpointing

the values more precisely is a result

of a secondary inclination pattern,

with shorter period and smaller am-

plitude, that is superimposed on the

major pattern.

The inclination pattern was not

anticipated, although such an effect

was implicit in a 1967 paper by Allan

and Cook II . Allan and Cook did not

explicitly discuss an inclination ef-

fect of solar radiation. What they

did predict was that for particles in

high Earth orbit, solar radiation

would drive a precession of the par-

ticle's orbit-plane a_mis "about the

ecliptic axis. If the orbit plane

164



I

area/mass - 37.7 square melem-M'_g

0.900

0._

0.7_

•_ 0._

0.500

0.4_

0.3OO

02_

0.I_

0.000

V
L I I

J

i

0 I 2 3 4 5 G 7 8 9

Tw_e h/ea_s)

area/mass - 37.7 square me_ersA_

0 1 2 3 4 S 6 7 8 9

T'm_e (years)

area/mass - 37.7 square meters,kg
15.ooo - -

0.000 _ - , ,
0 I 2 3 4 5 6 7 B g

Tw._ (years) Time (years)

Fig 4. Orbital Elements vs. Tlme for a l O-micron Particle Inltally at GEO.

maintains a uniform angle to the

ecliptic plane during this preces-

sion, its angle to the Earth's equa-

toc, i.e the orbital inclination,

must change. As shall be shown in

subsequent discussion, we obtain

somewhat different results from Allan

and Cook.

The mechanism by which solar ra-

diation pressure induces changes in

eccentricity is well understood and

is illustrated in Figure" 5. _ Parti-

cles approaching the sun are
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Fig 5. Orbital Eccentricity Effects
of Solar Radiation.

decelerated by the radiation, causing

a reduction in orbital racLius 180 °

later. Particles receding from the

sun are accelerated, causing an in-

crease in orbital radius 180 ° after

that. This combination of accelera-

tion and deceleration generates an

increasing apogee and decreasing per-

igee from an initially circular

orbit. Later, as the Earth moves

around the sun and the line of ap-

sides precesses, perigee and apogee

will shift sides with respect to the

sun. When that occurs, the accelera-

tion/deceleration forces will begin

to have the reverse effect: they

will lower the apogee and raise the

perigee, tending to recircularize the

orbit.

The mechanism by which radiation

pressure induces inclination changes

depends on the induced eccentricity,

as illustrated in Figure 6. Because

the ecliptic plane is at an angle to

the orbital plane (which is initially

in the equator), solar radiation

pressure will have one component par-

allel to the orbital plane and one at

right angles to it. During part of

the orbit, the perpendicular compo-

nent will ten_ to tilt the orbit to.-

ward the ecliptic. On the opposite

side of the orbit, it wili tend to

tilt the orbit away from the

£ccentrlaLy

Produced by

Solar- Radiation Solar

V _...Rld|ation

._;orQue effects

A star tea at aoogee Sun

k I take ef?ect here

A Solar

Radiation oressure RldlltlOfl

has more time to

act near sDogea.

TorQue effect in (:hanging orbital

fpllni
to Sun

(Assume near

Water Solstice)

I_ _(limtlon

A Pip Pressure
Initl al Orbit

(Equatorial

Diane)

Pt - Total Radiation Pressure

Pip - Radiation Pressure in Orbit Plane

P.L - Radiation Pressure Perpendicular to Orbit

Plana

Flg 6. Orbital Incllnatlon Effects

of Solar Radiation.

ecliptic. So long as the orbit is

circular, these torques will cancel.

However, once the orbit becomes .;c-

centric, the particle will spend more

time near apogee than near perigee.

The torque near apogee will then act

for a longez time and be more effec-

tive than the torque near perigee.

Because the tilt takes place 90 de-

grees later than the torque is ap-

plied, the torque will be most

effective at tilting the orbit when

the line of apsides is at right an-

gles to the Earth-sun line.

Part of the net torque will act

to change the in_zlination, part will

act to cause the line of nodes to

precess. The relative values of

these two components will depend on

the orientation of the _rbit with re-

spect to the sun at any given time.
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The orbit plane precession pre-

dicted by Allan and Cook also depends

on a nonzero eccentricity to work_

Figure 4 shows that the right ascen-

sion of the ascending node drifts

with a period that matches the incli-

nation pattern period (although like

the inclination pattern, the node po-

sition drift has some bumps and rip-

ples superimposed on it). To that

extent, this study supports their

prediction.

However, the periods for the in-

clination and nodal patterns we ob-

serve do not match the precession

periods predicted by Allan and Cook.

Nor are peak inclination values al-

ways 47 ° (twice 23.5), as would be

expected if the pole about which pre-

cession occurred were the ecliptic

pole. Two reasons for these disa-

greements are suspected. First,

Allan and Cook calculated their peri-

ods using an approximation valid for

small eccentricities, but this is not

the case for many of the simulations

of this study. Second, gravitational

forces are still trying to drive an

inclination pattern of their own,

with a very different period and peak

inclination value. The gravitational

perturbations will be competing

against the radiational perturba-

tions. The gravity becomes espe-

cially effective toward the larger

end of the particle size range con-

sidered.

The short-period fluctuations su-

[_rimposed on both the inclination

and nodal position patterns have been

found to result from the details of

the orientation of the particle or-

bits with respect to the sun over the

course of a year. By plotting the

orbit sLape and orientation to the

sun at various times during a year

for one case, it has k _en observed

that the radiation-induced torque can

indeed cause occasional short-term

reversals in the direction of in;li-

nation change and nodal precession.

Findinqs for GEO Insertion Stage SR/_

Exhaust Particles

In addition to following the or-

bital evolution for small particles

initially in GEO orbits, the orbits

of aluminum oxide particles in the

exhaust streant_ of GEO insertion

stage solid rocket motors have _:en

considered. The object for this

study is to determine whether all SRM

particles are quickly lost, either by

hitting the Earth or escaping Earth

orbit, or whether some may persist

for long periods in orbits that can

intersect GEO.

For the cases treated so far, the

insertion burn is assumed to be from

a transfer orbit inclined 28.5 ° (Ken-

nedy Space Center launch). Particle

sizes considered were 0.1 microns,

1.0 microns, and i0.0 m_crons. These

span the range of sizes expected from

Mueller and Kessler (1985) 12 . Ex-

pected ejection velocities from the

rocket nozzle and maximum cone angle

from the center of the exhaust plume

depend on particle size. The values

shown in Table 1 are based on Burris

(i_78) 13 .

Table 1. SRM Aluminum Oxide

Exhaust Particle

Ejection Velocities

and Maximum Cone

Angles.

Particle Ejection Maximum

Size Velocity Cone Angle

(microns) (km/sec) (degrees)

0.1 3.5 43

I .0 3.0 27

I0.0 2.0 12

The sample space used to define

orbit initial conditions included the

centerline of the rocket plume, and

the maximum cone angles_ef£, right,

and vertical from the centerline.



Particle orbits were derived for the

start of the insertion burn, midway

through the burn (when one-half ot

the required delta-V has been

achieved) and at burn end. From 36

initial conditions defined by this

sample space of particle size, cone

angle, and burn phase, the £ollowing

results have been obtained thus far:

1 ° 17 ca_es have such small ini-

tial semimajor axes or such

large initial eccentricities

that the particles hit the

Earth on their first orbits.

2. In 9 cases, the particles hit

the Earth in fairly short

order (within 60 days for 0.1

and 1.0 micron particles,

within 10 years for 10 micron

particles), after their

orbits were altered by solar

radiation pressure.

3. In 3 cases, the particles

escaped Earth orbit within

days, under the influence of

radiation pressure.

4. For 6 cases, particles ap-

peared to be in persistent

orbits, but hit Earth in a

short time when cases were

rerun with different values

for the initial right ascen-

sion of the ascending node;

i.e., when the transfer

orbit's orientation to the

solar d/rection was changed.

5. For 1 case, a 10-micron

particle seems to remain in

persistent orbit, even when

several values for the

initial right ascension of

the ascending node are tried.

It can seen from item 4 of this

list that attention to the injection

orientation to the sun can strongly

affect orbital lifetime for some

cases. However, item 5 indicates

that some fraction of SRM particles

will apparently remain in persistent

orbits, regardless of the orientation

of the transfez orbit with respect to

the sun. A question still to be in-

vestigated is whether a large enough

particle flux can build up over time

from this persistent fraction to

create a significant hazard to work-

ing geosynchrononous satellites.

The mejor conclusions to be drawn

from this study thus far are these:

Sa_ellites stored in circular

"parking" orbits a couple of hundred

kilometers or so above GEO are un-

likely to intersect the GEO distance,

even over thousand-year time inter-

vals. However, if a satellite stored

in one of these parking orbits breaks

up for any reason, these separation

distances will not significantly re-

duce the flux of the resulting frag-

ments passing through GEO, c_pared

to a breakup occurring at the GEO

altitude.

Perturbation by solar radiation

induces both large eccentricity

excursions and large inclfnation ex-

cursions in the orbits of s_ll par-

ticle_ at GEO.

Attention to the orientation of a

GEO transfer orbit with respect to

the solar direction can significantly

reduce the fraction of aluminum oxide

particles from the insertion motor

exhaust that remain in persistent

orbits.

Acknnwled_nt

This work was supported by NASA

contract NAS9-17900.

R. R. Allan, "Perturbations of a

Geostationary Satellite by the

Longitude-Dependent Terms in the

Earth's Gravitational Field",

Plaae_aFyau_d_ace$clence, 11,

pp. 1325-1334, 1963

168



2.

3.

4.

5.

6.

7.

8.

.

I0.

Martin Heckler ant Jozef C. Van

der Ha, Probability of Colli-

sions in the Geostationary

Ring", Jou.nmal of Spacecraft,

18, pp. 361-366, 1981

M. Heckler, "Collision Probabi-

lities at Geosynchronous Alti-

tudes", Advances /n $_ceRe-

search, 5, pp.47-57, 1985

Jozef C. Van der Ha, "Long-Term

Evolution of Near-Geostationary

Orbits", Journal of _uidance,

pp. 363-370, 1986

Edgar Everhart, "An Effiecient

Integrator that Uses Gauss-Radau

Spacings', DynaJ_cs of Cc_ets,

Thelr OzlglnandEvolution, A.

Carusi and G. B. Valzecchi

(eds.), D. Reidel, pp. 185-202,

1985

Civil Needs DataBaae, Vol II --

Version 3.0, National Aeronaut-

ics and Space Adm/nistration,

1988

Victor R. Bond, William M. Lear,

and 0liver Hill, Solar SyaEem

Data for AdvancedMisslonPlan-

n_mg, Memo no. 84FM16, NASA --

Johnson Space Center, Houston,

_exas, 1984

The AstronomIcal_ac fort he

_at1987, Nautical Almanac

Office, U.S. Naval Observatory,

Washington, 1986

R. R. Allan, "Satellite Orbit

Perturbations Due to Radiation

Pressure and Luni-Solar Forces",

Quarterly Jouzmal of R_=hani_s

aadAppliedMathematlcs, 15, pp.

283-301, 1962

Arthur I. Berman, The Physical

Principles of Astronautics, John

Wiley & Sons, New York, 1961

11.

12.

13.

R. R. Allan and G. E. Cook,

"Discussion of Paper by S. J.

Peale, 'Dust Belt of the

Earth'", Journal of Ge_mhysical

Research, 72, pp. 1124-1127,

1967

Alan C. Meuller an_ Donald J.

Kessler, "The Effects of Partic-

ulates from Solid Rocket Motors

Fired in Space", Advances in

Space Research, 5, pp. 77-86,

1985

R. Burris, Orbiter Surface Dam-

age Due to SRMPlumeI_pingemmnt,

MDTSCO Design Note no.

1.4-3-016, 1978

169



Abstract

ANALYTIC MODEL FOR ORBITAL DEBRIS

ENVIRONNENTAL MANAGENENT

David L. Ta!ent

Leckheed Engineerin{ and Sc;ences Co.
Houston, TX 77058

A differential equation expressing the

:ime rate of change of the number of objects on

orbit has been developed. This approach,

referred to as the "particles-in-a-box" (PIB)

model allows for the examination of orbltaI

debris sources and sinks in a fashion that

identifies the physical parameters of the LEO

envlronment with the coefficients of the

differential equation. The PIB equation has at

least two uses : (I) to test the stability of

the LEO environment agalrst runaway growth via

a simple evaluation of the coefficients, and

(2) as the basis for a numerical model of the

environment. It has been determined, relative

to the first of these two ses, that the

present environment is slight unstable to

catastrophic growth -- a condltlon that could

be improved by the employment of active debris

reduction techniques. Reletive to the second

of these uses, and under the simplest

implementation of the FIB model -- a single

"equivalent" particle species in a single

environmental box -- the number of particles on

orbit will continue to increase until

aoproxlmately 2250 to 2350 AD, reaching totals

of 500,000 to 2,000,000. The model is

expandable to the more realistic (complex)

case of multiple-species in multiple-tier

system.

Introduction

A fundamental characteristic of mankind's

use of the LEO environment is that the devices

placed there to serve us usually result in the

generation of orbital debris as a by-product.

When payloads are launched, operational debris

_ieces and rocket bodies are also often placed

in the environment. In some cases, these

objects have not remained on orbit as inert

hulks; spontaneous oisintegrations (I;_ have

often rep]aced a single large debris piece with

up to nunareds of sma]ler Pieces.

Approximately 50% (2) of all objects currently

tracked were generated in fragmentations of one

type or another.

Even the payloads themselves tend first to

become clerelicts before they decay from the

environment -- presently about four out of

every flve such objects (2) are useless hazards

to navigation. From this it may be concludec2

that the average orbital life of the typical

payload is, at least, several times greater

than its functional life. Finally, although

not yet a significant contributor to the

buildup of debris in the LEO environment,

collisions may become more frequent as the

environment becomes increasingly crowded.

Taken together, about 95% (2) of all

trackecl objects are trash, and a host of

smaller, yet dangerous, objects (3) are

suspected to be present. With the exception of

a very few cas.-s of retrieval (e.g., LDEF), the

only debris removal mechanism operating In the

enviornment is drag due to the residual

atmosphere. Even this mechanism was shown to

be ineffective above an eltitude of

approximately 750 km by Petro and Talent (5) in

their study of orbital debris removal methocls.

Since the continued use of the LEO

environment appears likely, and w,ith an

increasing level of activity (4), a present

desideratum would be the development of methods

to assess the impact of mankind';_ activities on

the environment and, in turn, the impact of the

resultant evolution of the environment on

;,,anKind's further use. Presumably, if

successful in this pursuit, the user community

will be able to determine, with sufficient lead

time, what activities and policies are most

likely to lead to a stable and 0esirable

environ,_ent over the long term.

Th_s Pal:d_r is cl_tareO _ work of the I.S Gov_n_en{ an-"

nol suolect Io copyrl|n! proteL'llon ifl [hc Lnlle(_ Slil[{s
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With these concerns in mind, a me%hod for

_odeling the LEO environment is presented in

=his paper that raay be applied in forms ranging

from the very simple PIB case to a complex

•ulti-species, multi-tier system.

The Eauation and Its Coefficients

In developing a mathematlcal model of an

evolving system, we must first choose a

relevant parameter as our "state" quantity. In

the present development, the nu_.J)erof objects

resident in the LEO environment at any given

time is selected. One reason for thls choice

is that if an object can be seen, It can be

counted -- the numer of objects on orbit is a

direct observable subject, of course, to an

appreciation of possible incompleteness 16j,'"

especiaily at higher altitudes and smaller

sizes. The basic equation Is presented here

as:

N I = A + BN I + C_NI2 (I)

where A is defined to be the "deposition

coefflclent', 8 is the "removal coefficient',

and C Is the "collision coefficient'. Each of

these wl]l be described in turn.

environment is reduced by one large object and

its area only to be replaced by a large number

of smaller objects and their net target area.

This implies that on-oft)it fragmentations are a

source of object: and area. Although, not

planned, the rate of fragmentations is a direct

result of human activity ana is incluaed here

,ith the "intelligent" deposition of objects in

the LEO regime.

Finally, the capability to retrieve QePris

objects has been demonstrated (e.g., LDEF) and

has also being discussed as a possible mo_e of

debris reduction (5) Thus this component of

the Gepositlon term ts negative.

In general, for all of the following

discussion, the base of LEO will be taken to be

that altitude at which an average member of the

population has only one year left on orbit.

Further, only objects deposited on orbtt at an

altitude greater than this base and remwl|ning

there for at least a year will be counted as

members of the environment -- hereafter ghls

requirement will stm]y be referred to as the

membership condition.

With these provisions in mind the expression

for A is:

A : The Deposition Coefficient

It is an historical fact that objects are

launched Into the LEO environment and that an

exaIinatton of available data (7) will reveal

that it is not unusual, on the av._rage, for

more than one object to be placed In low earth

orbit per launch. This activity deposits

objects, mass, and colltstona] "target" area on

orbit. Launch activity is a planned,

intelligent actt'tty and the typical number of

o_ects deployed per launch is a reflection of

policies, procedures and mission requirements.

Further, it has been observed (I) that some

objects, initially intact, later fragment on

orbit. As a result of such accidents, no

addltlonaI mass on orbit results: however, the
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A= LI(PI)(DI) + (FE)(DE)(PE)] - REM (2)

where L =

P1 •

D1 •

FE •

DE •

PE •

RFM •

launches per year, worldwide

average number of pieces per launch

fraction of P1 meeting membership

cond|tions

fraction of launches resulting In

an on-orbit (non-colllslonal) frag-

mentation

fraction of FE meeting membership

conditions

number of fragments produced per

explosion

number of objects removed per year

by deliberate retrelval



): "he Removal Coef¢iclent c = (a) H,, (41

I
!

L

E_
±

in the absence of a r_tardinG medium, all

_bjects in LEO would remain on orDit for an

_ndefin}te _erloO of t:_e. However, the

_esidu_ atmosphere _s suff_c ent to cause the

eventual decay and reentry of some objects _n

:his region. The efficiency of this mechanism

to remove objects from orbit _s dependent o_

the oDject's cltitude, orbital and physical

characteristics, the phase of the solar cycle

and so on. Other factors being equal, however,

small objects tend to be more susceptible to

the action of drag forces by virtue of their

(typically) 7arger area to mass ratios.

In addition, the possibility of usinq

orbital debris sweepers or some eqL,ivalent

process for cleaning up the orblta_ debris

environment has been dlscusseo (5). For the

sake of the present discu, sion it is assumea

that some device or system is posslble that may

be employed to remove debris objects of all

sizes, with the same efficiency, and regardless

of their inherent drag characteristics. For

example, sucN a system, when deployed, might

sweep up 1% of all orbital debris per year.

Taken together with natural decay, the B term

is:

B= [BATM-_ S] (3)

where: BAT M = reduction fraction per year due

natural drag

S = reduction fraction per year due

to use of "debris sweepers"

The removal of BN 1 objects per unit time

results in the removal of numbers of objects,

_ass, and potential target area.

.here 5 =

w =

tne nu_er of pieces produced as a

res_it _f the collision less the

two destroyed

the collision freouency (yr'1) be-

tween me_Jbers of a population of

similar objects

The colllsion products factor, _, is

obtainable either from a sufficient base of

experimental data or from theory. The +{II term

is developed along a line of reasoning similar

to that of the kinetic theory of gasses tB@"" and

is expressed for members of a population of

similar objects as:

t it,-,,,,,,,i= . r 3 37 L . (s)
H)_ (F,) (41_)LRT-RBj j _-

where V = orbital speed at average popu-
c

latlon altitude

D I = average populatlor, object dia-

meter

RT = radlus of the top of LEO snell

from the earth's center

RB = radius of the base of LEO shell

from the earth's center

F : incomplete mixing factor
V

Strictly :pea_;ng, the expression in

equation (6} is valid only for objects free to

_ove at random in the specified voi.me. Also

implicit in this formulation ls the assumption

that the orientation of the velocity vector of

one particle with respect to all others is

completely at ranaom, i_ Is clear that neither

of these conditions completely obtain for

orbital debris pieces in LEO.

_: The Collision Coefficient The s_uare root f two multlplied by Vc,

_or a typical LEO orbit speed, yields about i0

To determine the number of objects created Kmlsec, not greatly different from that

per unit time due to collision, the C term is reported by Kessler et el. (g) . However, the

expressed here as the product of two quantities assumption in_Ollcit in e_uatlon (5) that every

shown here as: particle has access to _ll parts of the LEO
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volume cannot posslbly be correct. An

examination of orbital eccentricities is

reQuirea to calculate Fv. Alternatively, one

could _etermine F err_rically by co:,_aring the
¥

preCicted collisions to date with the actual.

In a fashion similar to fragmentations, a

collision between two objects results in the

reduction +- the total numDer of objects in LEO

by two along with their contribution to the

total cross-sectional area for collisions.

This reduction is more than compensate_ by the

addition of the combined cross-sectional area

of all the fragments and a net increase in the

total number of (smaller) objects.

"5OO

:. soo

T
-_0 _ -

-2000

0NIdT : A + B(N) + G(N'=2)
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i/-

i
i

z

< _f

Figure I. Illustration of stability regimes as

related to the roots of the evolution equation.

Roots of the Equatloln

Equation (I) is a qu_dratlc equatlon. As

such, given the values of A, B, and C, it is

possible to solve for the roots of the equation

by the quadratic formula shown here:

NL 2= 2C

-B_+JS:-+A¢ (+I

The quantity under the radical is

identified as:

q = B= - 4AC

q = [SINK TF_.RMSI- [SOURCETERMSI

(7)

It involves the difference between the A and C

sGurce terms and the B sink term. This

quantity may exhibit the following three types

of behavior:

q > O :{SINKS] > ISOURCESI : Condmonatly Stable

q = O :[SINKS)= iSOURCF..S} : bastabdity Th_.shold (8)

q < O:{SINKS] < (SOURCES] : Uncondil:ct'_ly Unstable

The first case, q ) 0, for which two real

roots exist (see Figure I), will be examined in

detail.

If the system state -- specified by the

total number of objects, N -- is greater than

zero but less than N1, the system will grow in

total number since dN/dT ) O: it will

as)mq_totlcally approach NI.

If something should happen to place the

system at a value of N between N I and N2, the

system will respond by re_ressinl in total

number since dN/dt { 0: again it will

asymptotically approach N!,

In these two scenarios, the orbital debris

system is seen to exhibit stable behavior -- if

disturbed from the equ_llbrlum value NI, the

system returns to that value. However, stable

behavior under perturbation does not

necessalrly mean that the envlornment is

desirable from an operational perspect+_e.

If N I is so large as to interfere with

important aspects of operations in LEU, the

environment is undeslra_le even though stable.

For example, if N I were so hlgh that the mean

time between collisions was less than or equal

to the operational life of a typical payload,

the environment would be unacceptaDle.
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An acceptable environment will be one

_here the value of N l is reasonable from the

:Dil!s_n probability perspective, and the N I

:c N_ oifference is large enough to render a
c

:ransitlon to a value greater than N 2 by

acciae_t uriikely.

:_ tMe popu)atlon count N snou}_ ever

excee_ N2, t_e system will exMib1: catastrophic

)rewtn. The impllcatlo, from Figure I is that

the growth will be u_bounded, but such a result

Uoes not make physical sense. Of course what

w_ll happen is that es N begins to grow,

collisions will become important, the

population will grind itself into smaller

particles that will be more readily removed by

natural drag. Thus we would expect the system

to undergo a catostrophlc adjustment to a new

equilibrium situation. During the tours, of

this evolution, the values of A,B, and C will

change continuously.

Regarding the evaluatlon of stability an_

solving for the roots of the PIB evolution

equation, it must be remembered that any

statement of stability is only valid for the

present epoch of the A, B, and C coefficients.

App)Icatlon to the LEO Environment

In all of the following examples a set of

spec_.fic values have been used for parameters

such as launch rate, percentage of launches

that pT'oduce a fragmentation, number of pieces

produced by and explosion, and etc. These are

meant to be illustrative ratner than

definitive, however, effort has been made to be

reasonable ir their deduction from the sources

listed at the end of the parameters section

below.

As ca. be appruciate_ by a_ examination of

th_ Civil Needs Data Bas_ t4)"", the anticipated

_rcwtn in ]_unch rate for the next several

Jecaoes will be rather step-_ise. For the sake

cf s_mollc_ty, = set of evolutionary cases have

been adopted for discussion that start with the

present launch rate and compound it az several

rates of choice until the year 2020, at which

time the number of launches is held constant.

The basic procedure employed in all of the

_volut_onary calculations was to establish the

:_itial numoer of o_jects in LEO, an initial

total mass in LEO, and an initial total cross-

sectional area -- taken to be the sum of radar

-oss-sect:ons for all objects ;n LEO. The sum

_f tn_ raOar cross sections divided by the

numoer of objects provided an average cross-

section per object. This, in turn, was used to

calculate a mean population memper radius.

The quantities A, B, and C were Lnen ewluated

for use in calculating dN/dt.

_urlng each time step, changes in _ll

quantities were accounted for and new totals

for number, mass, and area we e dete=_ined.

These, in turn, were used to calculate new

pepulation particle characteristics and changes

in the coefficients prior to the next time

step.

Choice of Parameters

In the PI5 evolutionary calculations the

following parameters were used. These are

listed below and groupea by association wltn

the coefficients A, B, and C. In all cases,

the subscript "I" IndlcaIes an initial value

that was subject to change during the execution

of a n_w:lellngrun. These are given as:

ZA]

Li = 120

P1 = 4.

FE = O.03

DE = 0.82

PE = 125

REM = O

[B]

Batm=-6.0E-O3/R

S = 0

(R=debrls radius {m))

It]

= ZOO

F = 0.55
V

RB = 6728 (altb =
350 Km)
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RT • 6178 (altt = 1800 km)

AREAex a = 5 (area increas_ by exp).)

AREAco I = 15 (area increase by coll.)

MASSde p = 800 (mass(kg)/launcned piece)

_Others]

YEARi = !98g

N i : 62_ (objects: 350 - 1800 km)

ATOT i = 22400 (total area in sq. m)

TOTMASS I =2.3E6 (tote| mass in LEO in kg)

Vc = 7.3 (orbital speed In km/ser)

These quantltles were a_opted based on

exami nat i on of a number o f

references(1) (6) (7) (11) Of all o_ these
l I e

quantities, the expression Bat m requires

further explanatlom.

The expression for Oat m is intended to be

representative for the LEO environemnt as a

whole -- r_ot any one stratum. It was derived

by assuming that the ratlo of ATOT I to Ni,

found to be ).67 m 2, could be taken as an

indicator of effective area for th_ average

object In the envlronem_nt. Using thls value,

and an expression for CdA/M obtained by

employing the results of Badhwar and Anz-

Meador {I0), an effective CdA/M = 0.041 was

found. Using th( distribution of objects with

altitude illustrated in the Interagency

Report {6) and a Jachla (i2) atmosphere

appropriate for an assumed FIO - Ii0, an

iteratlve Oecay program was executed until half

of the entire population was decayed. This was

taken as the half-llfe, about SO0 years, of the

LEO population corresponding to the derived

effective value of CdA/M. Thls suggests a

baseline value of B of about-l.4XlO -].

However, from an examination of data In

the Space Surveillance Catalog {Ill It is
# k

apparent that the population mean RCS Is about

four times larger than the population median

RCS. Thcrefore, with a correction of a factor

of four to allow for this effect, B becomes

-5.6XI0 -3. Thls is only appropriate for the

baseline equivalent radius, derived here from

the average RCS, as 1.07 m. Thus B becomes

-6.6XI0 -3. The adopted expression assumes that

changes in this populatlon-average-effective

drag term vary as I/R.
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Simple Evolutionary Cases

Slx evolutionary cases ,ere generated:

each is characterizecI by a rate of growth

through the year 2020 fol!owecl by a steady

launch rate thereafter. The simple compound

growth cases examined were from 0% per year

through 5% per year in steps of I% betw-.en

models. Figure 2 presents a montage

illustrating the evolution of the LEO

envirenment under the given assunl)tlons.

Several ge_era] features immediately

maniYest themse,_es from an inspection of

Figure 2. These are:

(I) Catastrophic behavior is exhibited under

all assumptions of growth rate from 0% through

5% as manifested by the fact that e_ch of the

curves (including the 0% case) reaches a peak

number ana peak mass before declining toward an

asymptotic value.

(2) Wlth increasing growth rate the onset of

catastrophic conditions is accelerated and

intensified.

(3) The typical time scale to achieve

asy_totic behavior is 300 to 400 years.

(4) As Is clear from an exa,alnatlon of the

number and mass plots, illustrating the details

of projected growth prior to 2050, signiflcant

dispersion in the cases is evident by 2020 to

2030.

A physical understanGlng of the r th,

peak, and decline to asymptotic _enavior

illustrated In Figure 2 is developed as

fol lows.

During the earllest phases of the

evolutionary scenario large objects are placed

on orbit at an ever increasing rate to the year

2020. As the numnber of objects increases so

also t)_ total mass and total collisional
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cross-sectlonal area In the LEO envl _nment is

increased. 0nly fragmentations add ob ects and

area by the conversion of a few ]arge cbjects

to sma|I objects. Since the significance of

coII1slons incr_escs _s N2, and the proauct C_2

_s smali in the early phases of the evolution,

deposition with fragmentation (A) and drag with

sweeping (B) dominate the system behavior.

Since the signiflcanc,, of _e coIIlslonal

term CN 2 !ncrease_ by about a factor of four

wlth earh _oubIing of N (assu_Ing C Is near]y

constant), co111s!ona1 processes may be

expected to become significant rather suddenly.

That Is, at some point the net nu=ber of

objects added per year to the environment _lll

be Oo_!nateo by the admit!on of col!!slonal

fragments.

During thls phase, large objects are

processed into smaller objects and the average

radius of a population member becomes smaller

(Figure 3). However, sma1_er objects are

removed from the environment more readlly by

atmospheric Orag -- thts tends te r_uce the

numbe_ of objects i_, the environment.

Further, ;_ncc t_,e average radius of a

typical member of the popu;_e':_ ;s oecomlng

sma|-_-_r-, tne value of the coefficient C,

p oportlona| to R*, Is reauce_. Since N is

;_o being reduced, the net result is that _he

Qroduct CN 2 Is diminished and the "runaway"

growth stops. The syst_,_ .w,as Pvo_.v_C, _.o the

_oi_ -+_t_,a; a _ew evaluatlo_ of q woula show

that the enviornment Is stable and

asymptotically approaching the NI root of the

quadratl c e_uatlon.

The onset of a colltstonally dominated

environment for the two extreme cas_ :horn _n

Figure 2 -- _ &_d 5% growth -- occurs In the

years 2135 and 2054, respectlv_!y. An

additional caicuiat_on, for the 10% growth case

yielded the year 2032 for the onset of

domina*_or, of the environment by co]_islonal

processes. Fcr practlca] purposes, these _ates

may be considered the onset dates for runaway

g_'owth under the assumbtlons for each model.

Catastrophic Deposition

In the moOels of the last section growth

was considere_ to be Sa_nthly increasing up to

the year 2020 and to De malntalne_ at a

constant rate _hereafter. Real growth Is more

llkely to De steow_se (4' as new programs start.

Another possl_'e step-,ise addition of

partlcles to the envl 'onment Is tha_ of a large

number of particles through acclaentaI or

deilberate deposition.

3_ !!lustrate the use o, the PIB model in

the case of the sudden addition of a large

number of sma|l _I_i_ t_ _e env_o__:_,

Lhe ca,e :how, as Figure 4 was developed, In

this scenario, the LEO environment I_ _=$._d

to be evoIvin_ a|ong _he Z% curve _h_n, in the

year 2100, about 600,000 objects of radius 2.5

c_ and having a coral _wmss of about I00,000 kO

are sudden|y deposited in the environment. As

can be seen from t*c f;gure, since these

nbJ:;_s are rather small, they ]eave the

environment _]atlvely qulc_ij uue to drag, but

not b_f_y_ they are Involve_ In a slgnlflcant

_umber of co!11_c_: anO thus drive the net

_o#_iatlon be]ow the evolutionary curve It was

previously following.

._NHANCED DEPOSIFION GONTTiOL

_mo_

O:

v_

m_ _mm_

Figure 5. Slgnificant improvement in the

evolutlon of the 5% case by virtue of the

e11_Inatlon of fragmentaLlons and reduction of

the deposition of operational debrls by 50%.
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Control

To illustrate tne usefulness of the PIB

•oOel in assessing the effects of different

•oaes of orbital debris generation prevention,

Figure 5 compares the nominal 5% growth _ise to

a modified case wherein no fragmentatlens are

allowed to take place In combinatior, wi_h a

•odificatlon in operational procedures that, cn

the average, deposit only two objects on orbit

per launc_ instead of the value o': four used In

the first evaiuatlon of the 5% growth case.

Other debris control procedures may be

examined using the PIB model including the use

of debris sweepers, colllsion avoidance, and

others. Some of these would be best developed

allo_ing the LEO population to be partitioned

into multlple object species wlth placement In

multiple environment tiers.

Multiple Species_ Multiple Boxes

Equation (1) extended to the case of a

stngle environmental box containing m species

of particles ts:

lq k = A k + BkN k

k Ill

Z Z 6(il_kHij (9)
i= 1 j=i

where the index k may take on values from I

thrum and where:

Ak = the deposition te'_: for the kth

partlcle type

Bk : the drag and sweeper term for the

kth partlcle type

_(ij}k = the number of k-type particles

produced during i-j colllsons

and

HIj = the colllslon frequency (yr-I) be-

tween n_W_er_ of the population. If

i-j equation (5) Is appropriate. For

Olssimi!ar objects the appropriate

form Is . . .

! /Di÷D i

i[v vJL : J 1(,o)
L LRT - R

TO extend to a ,_ulti-tler system a set of

equations such as eouatlon (9) would wrilten

for each tier with cross-feed terms being

developed to accomoqate particle migration from

tier" to tier and/or mult!-tier, mu)t!-slze

deposition due to fragmentations and

collisions. The details of which would be

dependent upon the process models for these

phenomena.

Conc)usions

The PIB model has been developed and

illustrated as a useful tool for the assessment

of LEO environment stability and as a starting

point for the development of evolutionary

models. The model a_lows for a simple

treatment of the gross features of environment

evolution yet ts consistent with expectations

based on physical arguments.

Wtthtn the context of the model,

evo Jtlonary scenarios have been examined for

the : ture state of the LEO environment and

have been found to be very sensltlve to growth

rate -- either simple percentage growth or the

sudden deposition of a large number of

particles in the environment.

On the other hand, a few simple changes In

currint operating p-acttces re.atlve to the

depositlon of cperatlonal debris and the

allowance of fragmentattor, s, was shown to be

effective in significantly reducing the maximum

debris growth as well as the asymptotic

behavior of the 5Z.case model.

Although th= PIB model is illustrative and

us_ _ as a modeling tool, the further

development of _he technique to the ,_ultl-

species, multl-tler case is a reasonaDle next

step.
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TECHNIQUES FOR DEBRIS CONTROL

Andrew J. Petro

Advanced Programs Office

NASA Johnson Space Center, Houston, Texas

Abstract

This paper will s,mnmarize a range of

techniques which have been proposed

for controlling the growth of
man-made debris in Earth orbit.

Several techniques developed in

studies at the Johnson Space Center
will be described in detail. These

techniques include the retrieval of

inoperative satellites with an

orbital maneuvering vehicle and

self-disposal devices for satellites

and upper stages. Self-disposal

devices include propulsive deorbit

motors and passive drag-augmentation

devices. Concepts for sweeping
small debris from the orbital

environment will also be described.

An evaluatiop of the technical

feasibility and economic

practicality of the various control
methods will be summarized. In

general, methods which prevent the

accumulation of large debris objects

were found to provide greater

promise for control of the debris

problem than methods of removing

small debris particles.

correction or prevention. This

paper will examine both approaches.

The corrective approaches include

spacecraft shielding, efforts to

retrieve derelict spacecraft, and

sweeper devices to remove small

debris. The preventative approaches

include provisions for self-removal

of spacecraft and rocket stages, and

the increased use of reusable space

hardware. Cost comparisons, as well

as common sense, indicate that

preventative measures are the best

apprcach to controlling the growth

of orbital debris.(1)

Studies conducted at the Johnson

Space Center have focused on four

general debris control techniques:

i) active retrieval of large

objects, 2) provisions for

self-disposal in new spacecraft, 3)

sweeper devices to remove small

debris, and 4) increasing the use of

reusable space hardware. These four

techniques along with some
variations will be discussed in the

following sections.

Introduction Active Retrieval

Man-made debris in Earth orbit

represents a collision hazard to

valuable satellites and manned

spacecraft. Particles whSeh are too

small to continuously track can

collide with spacecraft at high

velocities and cause catastrophic

damage. The probability of a

collision between large objects in

space is very low. But, collisions

among small debris particles and

collisions between small particles

and large objects are more likely

and are the source of a growing

debris population.

The control of orbital debris can be

approached as a problem of

Copyright © !990 by the American institute of Aeronautics
and Astronautics, Inc. No copyright is asserted in the

United States under Title 17, U.S. Code. The U.S. Govern-

ment has a royalty-free license to exercise all rights under

the copyright claimed herein for Governmental purposes.
All other rights are reserved by the copyright owner.

One approach for the removal of

large debris objects is to collect

them with a maneuverable space

vehicle. In the evaluation of this

approach it was assumed that

rendezvous would be accomplished

with an autonomous or remotely

controlled vehicle such as the

orbital maneuvering vehicle (OMV),

currently under development by NASA.
The term OMV will be used here to

refer to any maneuverable spacecraft

which might be used for debris
retrieval.

Assuming the OMV can grapple the

target spacecraft, there are two

options for disposition. The OMV

can perform a deorbit maneuver,

separate from the object and
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re-insert itself in orbit while the

discarded object enters the

atmosphere. Or the objects can be

collected and maintained together in

a safe orbit for possible use as

spare parts or raw materials.

The performance cost for deorbit

versus collection depends on the

mass of the object and its orbital

altitude. For objects in low Earth

orbit, with a mass of less than 2000

kg., collection in orbit is less

costly than deorbit in terms of OMV

performance.(2) Another alternative

is to rendezvous with an object

using the OMV and then attach a

separate deorbit device to the

object rather than using the OMV for

propulsion. The attached device

might be a deorbit propulsion

package or a passive drag device.

Attaching devices rather than

maneuvering the objects with the OMV

expands the envelope of accessible

objects.

Using data from the NOPAD catalog of

orbiting objects, an estimate was

made of the number of objects that
could be retrieved with an OMV.

Approximately 25 percent of the

objects are large enough for

practical retrieval. Thirty-five

percent of these large objects
originated from the United States,

Western Europe, or Japan. Of that

population, 65 percent, or about 350

objects, are within range of the

OMV. That number represents about 5

percent of the total number of

cataloged objects.

The majority of objects lie in a few

narrow inclination bands. This is

fortunate since an OMV based at a

particular inclination could reach

all of the objects at that

inclination if the OMV can wait in

orbit long enough for orbite[ planes

to align due to natural precession.

There may be leg_ and political
limitations on the retrieval of

space objects. For this reason the

estimate of accessible objects is

limited to those of American,

Western European, and Japanese
origin.

There are several other concerns

about using the OMV for debris

recovery which should be noted. It

may be difficult to grapple
uncooperative satellites. The

satellites may be tumbling , they may
have no convenient points to

grapple, and some may contain

hazardous materials. The mission

time required for orbit phasing and

rendezvous could overtax the power

supply of the OMV. Objects at the

same inclination as the OMV may not

be in the same orbital plane and so

the OMV may have to wait while

natural precession brings the

respective orbital planes into

alignment. Propulsive plane changes
of more than a few degrees would be

impractical.

Reducing the population of large

debris would re,dire the use of

several OMV_s dedicated to retrieval

missions as well as a large number

of launches from Earth to deliver

and service the OMV's in specific

orbit planes. The magnitude of this

operation illustrates the

desirability of providing new

spacecraft with devices for

self-disposal.

One interesting variation of the

retrieval scenario would be to

extend the debris object from the

OMV on the end of a long tether.

The tether would make it possible to

transfer momentum from the debris to

the OMV, thus lowering the orbit of

the debris and raising the orbit of

the OMV. After severing the tether

connection, the debris would be left

in an orbit from which it would

decay quickly.(3)

Self-Disposal

Spacecraft can be designed to
provide their own final orbit

insertion maneuver so that the upper
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stage of the launch vehicle never

attains orbital velocity and is

immediately removed from the space

environment. If this is not

practical then the upper stage can

be designed for self-disposal using

its own propulsion system for a

controlled deorbit and ocean mmpact.

An alternative for long-duration

satellites would be the addition of

a separate system for deorbit at the

end of the operational lifetime.
This deorbit device could be a

propulsion package, a

drag-augmentation system, or a
combination of the two.

Deorbit with a conventional

propulsion system is an approach
which would be effective for all

orbital altitudes. In addition to

propulsion, a control system is

needed to maintain spacecraft

attitude, at least long enough to

complete a deorbit maneuver.

Several control options that were

considered are: spin stabilization

initiated by a pressurized gas jet

system, a s_mple sun sensor control

system, and a tractor rocket.

Satellites normally have operating

lifetimes measured in years and so

the deorbit system would have to

safely remain inert for many years
and then function on command after

other spacecraft systems have

failed. Also, in order to be

practical, a deorbit package could

only weigh a small fraction of the

total weight of the spacecraft.

The spacecraft m_ss penalty for

providing deorbit capability is

shown in Figures ! and 2. The mass

penalty is shown as a percentage of

total spacecraft mass using

propulsion systems with specific

impulse values ef 250, 350, and 450

seconds. Figure ] is for the case

of deorbiting from circular orbits
below 1500 kilometers. The mass

penalty ranges from 2 to 12 percent.

The mass penalty continues to grow

with increasing altitude but the

slope becomes relatively flat beyond

c

x
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m i
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CaRCta.I.,R @ROf'T _. km

Figure I: Mass penalty for

propulsive deorbit - circular orbit

o
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ame _ ._ It_i_ qNm _noraa_ f _ lnr_%,lK_

Figure 2: Mass penalty for

propulsive deGrbit - GEO-transfer
orbit
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i0,000 kilometers. For circular

orbits above 25,000 kilometers, an

escape from Earth orbit is less

costly than a deorDit maneuver.

Figure 2 shows the mass penalty for

deorbit for the special case of a

rocket stage in an elliptical

geosynchronous t:ansfer orbit. The

mass penalty in this case is less

than 2 percent.

In the case of geosynchronous

transfer stages, there is another

alternative to propulsive deorbit.
The orbital lifetime of these

transfer stages can be reduced by

modifying the perigee maneuver that

is used to reach the geosynchronous

altitude. The perigee for these

transfer orbits is typically 350

kilometers and the rocket stage can

remain in this elliptical orbit for

years. If a non-optimal thrust

direction is used for the perigee

burn, the perigee can be reduced to

150 kilometers. The stage will

aecay from this orbit in a matter of

months instead of years. The

penalty is that the payload mass

boosted to geosynchronous altitude

is reduced by 18 percent.

The orbital lifetime of the transfer

stage can be further reduced by

selecting a certain orientation for
the transfer orbit which takes

advantage of natural orbit

perturbations. This need to select

a specific orbit orientation creates

additional launch window constraints

for the payload. (4)

The effect of atmospheric drag on a

satellite can be increased by

deploying a large balloon which
increases the effective area of the

satellite without significantly

increasing its mass. For objects

orbiting below about 800 kilometers,
a balloon with a diameter of about

15 meters can reduce the orbital

lifetime of the satellite from

several years to several weeks. One

of the advantages of the drag device

concept is that the satellite does

not need to maintain any specific

orientation and no attitude control

system is needed. The balloon could

be stored in a canister and be

inflated after a rocket stage or

satellite completes its mission.

Figure 3 profiles orbital decay for

a spacecraft alone and for a

spacecraft with balloons of various
sizes attached. The initial orbit

is circular at 500 kilometers.

Attaching a balloon with a di_T, eter
of 10 meters decreases orbital

lifetime from 540 days to 70 days.

Orbit Decay Profile with Drag Devices
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Figure 3: Orbital decay profiles

The drag device and propulsive

package each have advantages. Both
systems would reduce the time in

orbit for inoperative satellites and

spent stages which decreases the

chance of an internal explosior or

random collision. One drawback of

the drag device is that the decrease

in collision probability due to

shorter orbital lifetime is offset

by the increase in cross-sectional

area. The satellite alone and the

satellite with the drag device

attached would each sweep out _bout

the same volume of space over the

course of their time in orbit.
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The main advantage of the drag

device is that it is simple,

passive, and requires no attitude

control system. For altitudes below

about 700 kilometers drag devices

appear to be a lower-mass

alternative to propulsion packages.

Solar sails might be an option for

disposal of objects in very high
orbits. Solar sails are a

relatively passive system and they

require no propellant storage or

engines. Solar sails might be used

for moving satellites in

geosynchronous orbit into higher
orbits or to send the satellites

onto Earth escape trajectories.

However, deployment and control of

the solar sail might present

significant technical challenges.

Debris Sweepers

One concept for clearing small

debris from orbit, proposed by

Donald Kessler of the Johnson Space

Center, is to place large
foam-filled ballo<ns in Earth orbit.

These balloons might have diameters
of a mile or more. Small debris

would randomly impact the balloon
and either become embedded in it or

decelerate enough to cause a rapid

decay from orbit. However, a

passive debris sweeper cannot avoid

collisions with functional

satellites or with objects which are

large enough to destroy the sweeper.

Providing collision avoidance with

an active control and _ropulsion

system for a huge balloon would be
difficult.

A concept was developed for solving

the collision avoidance problem for

debris sweepers. Instead of having

a spherical shape, the sweeper

material is deployed in large

panels, like the vanes of a

windmill. The panels rotate

continuously around a core

spacecraft. The core contains

tracking apparatus which monitors

objects which are on a collision

course with the sweeper. The

rotation rate of the sweeper is

controlled to selectively avoid or

collide with objects.

Although the concept of a debris

sweeper may be valid, there are

problems with its practical

application as a general form of
debris control. In order to be

effective, the sweepers would have

to be enormous with panels areas of

several square kilometers. In order

to sweep the heavily used regions of
Earth orbit, there would need to be

a n_Lmber of sweepers operating

simultaneously. Launch, deployment,

and maintenance of these sweepers

would require an extremely large
investment.

Sweepers might be more practical if

applied on a smaller scale to deal

with clearing areas affected by

specific debris collision events.

This type of operation would be

analogous to clean-up activities

after a marine oil spill. Another

use might be as a shield for a Space

Station or other important
facilities.

Another system for eliminating sm_ll

debris is the "Defender" concept (5)

which has been proposed as a debris

protection system for Space Station
Freedom. "Defender" is a small

free-flying spacecraft that responds

to tracking information and quickly

maneuvers itself to intercept and

absorb debris that might otherwise

impact the Space Station. The

"Defender" spacecraft must be highly

maneuverable which places demanding

requirements or, its propulsion and

control system. It is possible that

the rotating debris sweeper concept
could be combined with the

•'Defender" concept to provide a

system which does not need to make

rapid maneuvers.

Active debris removal might be

accomplished by devices which detect

specific particles and transfer

energy or montentum to the particles

to cause deceleration and orbital
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decay. Such devices would need to

be relatively autonomous spacecraft
and could use concentrated dust

clouds, particle beams, cr laser

beams to decelerate the particles.

High energy systems might be used to

vapcrize debris particles. Another

possibility would be to impart an

electrical charge on debris

particles so that interaction with

the Earth's magnetic field will

cause more rapid orbital decay.

Manned spacecraft such as the Space

Station need to be provided with

some level of debris shielding.

Past shielding concepts could

potentially add to the orbital

debris problem to some extent.

While the shield protects the

spacecraft, impacts with the shield

generate additional debris. Shield

concepts which absorb debris

particle and do not generate

secondary debris would be a definite

aid to reducing the debris problem.

All shielded surfaces would then act

as debris "sinks", rather than
debris "sources"

Reusable Hardware

The design philosophy applied in the

design of future space systems needs
to take into account the risks and

costs associated with a growing

debris hazard. Generally, because

of the high cost of launching space
hardware, all launch vehicle and

spacecraft elements are jettisoned

as soon as they are no longer

needed. Satellites are simply

abandoned when critical systems

fail because repair is usually

impossible and spacecraft designs

quickly become obsolete.

The "expendable" philosophy is

beginning to change with the more

mature space operations now possible

with the Space Shuttle and soon to

be available with the Space Station.

Single-use satellites could be

replaced by multi-purpose space

platforms which can be repaired and

upgraded periodically. Re-usable

orbital maneuvering vehicles and
orbital transfer vehicles could

replace the expendable upper stages
which litter the orbital

environment.

Conclusion

Since the population of small deDris

grows due to collisions with large

objects, removing large objects is

an effective method of reducing the

debris hazard. The best techni_Je

for controlling the population of

large debris is to include disposal

provisions in the original design of

all new spacecraft, including rocket

stages, in other words, prevention
is the best cure for the orbital

debris problem.

For objects below about 700

kilometers, drag devices may be

competitive with propulsion systems

as a means of self-disposal for

satellites and upper stages. The

fact that the drag devices require

no active control system makes them

very attractive. Above 700

kilometers, propulsive systems may

be the only practical option. Above

about 25,000 kilometers (including

geosynchronous orbit) it becomes

less expensive in terms of delta-V

to boost satellites out of Earth

orbit rather than deorbit them.

Large sweepers may not be practical

for small debris removal but

smaller, special purpose sweepers
which can absorb debris could be

useful for protecting important

facilities. Absorbing shields for

spacecraft would be very beneficial

since they offer protection and also

reduce the general Uebris

population_

Finally, a change in space

operations philosophy from

single-use satellites and expendable

rocket stages to reusable

transportation systems and

multi-purpose space platfcrms will
have a dramatic effect in

eliminating sources of new debris.
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It may be possible in the future to

expand the humen presence in space
while simultaneously reducir, g the

orbital debris hazard.
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DEBRIS CHAIN RKACTIONS
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Abstract:

The increasingnumber of orbital debris is posing
a serious threat to spaceflightactivities, However,
beyond the problems of single impacts, a far greater
threat to spaceflight in general may emerge: the de-
bris generated by collisions in space can initiate a
self sustained chain reactionwhich could lead to the
formation of an artificial debris belt• Spaceflight
could then become impossible in certain altitude
regions for many cent,ties. As a result of the ue-
tailed analysis, it was fo,n_ that the population of
larger space objzcts is of decisive imp_rtanc_ for
the fr%,ment generation by collisions, lhe critical
population for the setting-inof a chain reaction is
only about 2 to 3 times the current _opulation an_
could be reached wi+hin 20 to 50 years, if space-
flight activities are continued as in the past.
Therefore, the numberol larger space ob)ectsmestbe
limited in any case in tne next few decades, e.g. by
active controlled reentry_anoeuvres after the end of
their missions. The only way of preventing a chain
reaction of collisions after exceeding the critical
population level is to reduce again the population of
larger objects by active removal, especially in the
critical higher altitudes.

IntroductiQn

The collision risk posed by the increasing nu_r
of orbital debris has been recognized meanwhile
worldwide as a serious threat to spaceflight acti-
vities. In the case of larger structures and longer
mission-times the collision probability my amount
to several percent _nd has become therefore an
imbortant design factor, especially for the planneO
Space Station. hence, scientists in the UC._', i_
rurope2,JapanJand other countriesare investigating
these problems and NASA and £SA have establishe_
working groups on Orbital Debris''_.

Figure I gwes an impression of the density of
occupation of the about 7,000 catalogued objects
larger than IOcJ in earth orbits. Altogether, it has
to be assumed that about 30,000 t¢ 70,000 objects
larger than I cmand several hundred thousand objects
larger than I = are orbiting in space, in view of
the high velocities in the order of I0 km/s, which
occur when collisions take place, even such nilli-
meter sized objects will penetrate the o_ter walls of
satellites. Host o_ these objects were generated
during intentional or unintentional explosions and
perhaps by collisions. Manned missions - including
the planned International Space Station -can there-
fore not be realized without taking costly shielding
measurest

However, beyond the problems of single impacts
there is a far greater threat to spaceflightin gene-
ral: a possible chain reaction of collisions.

The fragments generated by a collision among two
largerobjects i:iearth orbits could produce new col-
lision_. This could successively lead to the for-
_ation of an artificial debris belt in the _ay of a
chain reaction. Spaceflight then could become
impossible _n certain altituOe regions for many
centuries7.

Basic approach

Basically there are distinct differences between
the collision risk concerning one large target ob-
ject and the collisio0_risk among all objects in
earth orbits concerning a chain reaction of colli-
sions. For the collision risk concerning one 12rge
target object, e.g. the International Space Station,
analysis has shown that:

- the collision risk w;ll rise linear with the
number of objects in orbit

- the sizes of other objects are negligible,
for the size of the large target is domi-
nating

- so the collision risk originatesmainly from
the large number of small fragments from
collisions anO explosions in orbit•

• ° .

• °
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• . " . - .o , °•

• " '" •": "" "''- .:21"."•'.:'.-:'"" : ...... "-'.•._::''" _ :_ :_.,.
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The research containeC in this paper has _een "i-
nanced by a contract from the Ministry for Research
and Technology of the Federal Republic of Germany

• i°

- Copyright 1990 by F. Eichler and D. Rex. Published
by the A_ric_n Institute of Aero,;auticsand Astro- Fig. I Snapshot of "_llcatalogueo obiects it,_.arth
nautics, Inc. with permission orbits as of Igsg
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In ccsLrast tO this, for the collision risk among
all objects it can be stated that:

- the collision risk will rise basically with
the square u_ the number' of objects in orbi"

the size of the involved objects is of great
importance, for the zollision risk is pro-
Dortional to the square of the sum of their
two diameters

therefore the populatinn of larger objects
is of decis%e importance for interactive
co!)isions

_n_}ysis of the collision risk amonq the current

As a first step to investigate the possible evo-
lution of the population concerning fragment gene-
ration due to interactive collisions, the collision
risk amng an assumed current population of 35,000
objects larger than I r_ has to be established. The
required detailed analysis is mk_de possible by using

h_If-deterministic approach, which considers the
orbital mechanics of all objects orbiting the
eart_ z''.Each individual orbit co_ination will be

examined concerning the possibility of _n orbit
intersection. If an orbit 1):/_rsection could be

established, the followi;Ig data can be determined

exactly:

- the collision probability of thi_ orbit
c_inati_n

- the altitude, in which the collision occurs

- the masses of the two involved objects

- the collision velocity

By adding up the collision risks for all possible
orbit combinatior;, a total collision risk of about

20 _ per year i) calculated among a_ assumed popu-
Lation of 35,D00 objects larger than I c_ in earth
orbits_

By means of the_e data it is also calculated if

tBe collision would be catastrophic. A catastrophic
coll_sion is defined as the total destruction of the

target with the generation of a large_Jnt of frag-
ments large e,lough to produce c_tastrophlc colli-
sions agai,. Only such catastrophic collisions must
be t_ken into account concerning a chain reaction of

collisions. Non-catastrophic collislon_ would gene-
rate only a smaller mount of ejecta mass, mainly
dust-s_zed particles. The criterion for a catastro-
phir collision is.

- the collision induced ejecta mass & lust be
larger than I0 ) of the target mass

- the ejecta mass is given by

where v collision velocity in km/s

maSS Oi the +mpacting object
(smal_er mass)

Io give at, example: if an object of 10(0) k§ will
hit with IO kI/s, an imacti_g ob.)ct larger than

I kg will cause a catastrphic collision.

Figure 2 sho_s the catastrophic collision risk
among the current population calculated in this _ay
as a function of orbital altitude. A total risk of

about 3.7 _ per year could be established.

¢al_mltro_lic col | _$ |_S per year

I_r lO lure alL|t_le r¢_c

2 :_" O_ - OD _ , ,! ! i
t I , i t _

O.OOO00_ + O0

Lotal rl'.k ef a C4L4str_q_tc collmsi4m

3.&4D 2 per year

Fig. 2 Probability of a catastrophic collision as
a function of the altitude

The lifetime of the fragments generated by a coi-
lision will _iffer widely as a function of the colli-

sion altitude. To avoid an undue averaging, the cata-
strophic collision risk is investigated separately in
4 altitude regions

- up to 700 km

- from 700 to g30 km

- from g30 to 1100 km

- from II00 to 3000 km

Besides the collision velocity, which in most
cases was found to be i_ the order of lO km/s, the
most i_rtant parameters concerning the fragment
generation by collisions are the masses of the two

involved objects. To enable a detailed analysis, the
total population was divided into 3 different mass

ranges

- from 1.5 g to 1 kg small objects

- from 1 kg to 100 kg medium sized objects

- more than ,_0 kg large objects

The about 30,000 small objects are exclusively
fragments from collisions and explosions in space
and mission related objects, the about 1,7_ medium
sized objects are mainly larger fragments and mission
related objects and the about 1,750 larger objects

are nearly exclusively payloads and rocket upper
stages.

Among the 3 mass ranges there are basicail 7 6

different types of collisions possible: from _arge-
large collision do_ to small-small. Fig. 3 shows
the results of the detailed analysis o _ the collision
_lsk among the current population for these 6 types
of c_l!isions.
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While the =ore than GO0,O00,O00 orbit combina-

tions are dominated by the small-small type, u_st of
the collisions will be of the small-large type, for

the collision risk is proportional to the square of
the sum of the diameters of the two involved objects.
A _otal collision risk of about 20 k per year could
be established. In contrast to this, the catastrophic

collisions are dominated by the medium-large and

large-large collision types, because most of the
small-large collisions are not catastrophic. A total
risk of about 3.7 _ per year for a catastrophic
collision among the current population was found.

total risk : 3.68 %/year
[%/year]

................. 0.8
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Fig. 4 Percentage of the catastrophic collision
risk as a function of the different types of
collisions and altitude regions

Fig. 4 shows the catastrophic collision risk for
the 6 collision types and the 4 different altitude
regions. The highest risk will occur within the
medium altitude regions from 700 to IICO kB.

rig. S gives an example for the results of the

detailed analysis of the catastrophic collision risk.
The large-large collision_, of which the percentage

are shown here as a function of target _nd projectile
mass, are having a total share of about 53 _ in the
catastrophic collision risk.
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Fig. 5 Percentage of the catastrophic collision
risk as a funktion of target and projectile
mass for the large-large collision type

These results are valiO for an assumed current
population of 35,000 objects larger than ! cm. The
results will change not only with the number of ob-
jects, but also with the altitude and mass composi..
tion of the population. Fig. 6 shows the results for
a population of ]60,000 objects larger than I cm
(about IS4,000 small objects, 4,000 medium sized
objects and 1,750 large objects). This population

corresponds to the equilibrium population proceeding
from an assumed constant basic population at the
current level (see Fig. 8). The results are also
basically valid for a population of ]40,000 objects
larger than 1 cm assumed by the new environment
definition given by NASA_. As Fig. 6 shows, the
small-small and especially the small-medium colli-
sions will make a significant contribution to the
catastrophic collision risk due to the very high
number of small objects. Nevertheless the medium-
large and large-large collisions are dominating the
fragment generation concerning chain reaction
effects, because such collisions will produce I0 to
100 times the number of fragments than small-small or
small-medium collisions.

I%]
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)
i ......... flO

"l  J.i- '°
! . '_i_ :, o

I coml_nabons
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meo_u_ _ k_ 100 k 9 large: _ I{30 k_small: 1.5 g - I kg : . -

Fig. 6 Perceatage of the collision risk as a func-
tion of the collision type (for a population
of 160,000 objects larger than I cm)
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Proqram _HAIN for the simualtio_n__f the evolution Qf
the population

By means of the detailed analysis of the colli-
sion risk among different populations a formula could
be established, which makes a calculation of the col-

lision risk for any given population in a simple and
fast way possible. The collision risk will be calcu-
lated for the 24 different ¢a_es: 6 collision types
and 4 altitude regions. For example, the risk of a
collision of type small-large in altitude region 3 is

given by

P(S-L,3) -
n(S,3) .eL,3)
............... P(S-L,3)_,
n(S,3)_, n(L,3)N,

where

n(S.3) number of small object_ in altitude

region 3
n(L,3) number of large objects in altitude

region 3

The reference values pointed out by the subscript
ref could be determined by the detailed _nalysis of
the current population.

Based on these 24 formulas for the different

cases a computer program was created to simulate the
evolution of th" number of objects in earth orblts

considering the fragmen_ generatim= by collision.
Fig. 7 shows the flow chart of this program called
CHAIN.

totalpopulation I

! lOooo " on lpooo atio°
L ,
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I

duri

time _)5p correspond!ngto _ no

_,_e co111sion risks (Mont_//

collision:increaseof the number of l

fragmentscorrespondingto cQllision I

ype
i )
f __ I .

change of basic _decay and reentry

porulation l°f fragments

J l
Fig. 7 Flow chart of the program C)_lN
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The tot_l population consists of the basic popu-

lation, e.g. payloads, rocket upper stages, mission
related objects and explosion fragments, and of the

colllslon fragment population. The collision risk for
the 6 collision types ar,dthe 4 altitude regions _ill
now be calculated. Thereupon collisions will be re-
leased accidently by using a Monte-Carlo method. The
number of col)isions correspond_ to the collision
risk in the examine, altitude and collision type. In
the case of collisions, the number of fragments in
the specific altitude region will be increased as a
function of the collision type.

ThK new fragment population for the next time
step is calculated by considering the removal of
fragments already in orbit due to the selfcleaning
effect of the earth atmosphere.

The basic population can be changed from time
step to time step to simulate different possible sce-

narios of the further evolution of spaceflight acti-
vities. Thus the evolution ot the total number of

objects in earth orbits can be calculated step by
step considering the fra_nt generation by colli-
sions.

Further developmen_ of the proqram CHAIN

The program CHAIN is bei _ developed further on

at the Institute for Spacefl%nt Technology in seve-
ral fields:

improved consideration of the rain down effect:
ojects generated in higher altitudes will
descend to lower altitudes due to the rain down

effect before they finally burn-up in the
denser atmosphere

extension of the _onsidered mass range:
a 4th mass clas ,ll be established from 1.5

g (I cm) down to 1.5 x 10"_g (i mm) or even 1.5

x IO4g (0.1 mm). These objects are negligible
for the chain reaction effects (unable to pro-
duce catastrophic collisions), but they are

dominating the ccllision risk concerning a
large target object, e.g. the Space Station.

Thereby it will be feasible to investigate more
detailed

- if collisiorls will become the main source of

such millimeter sized objects in the future

- and to what extent the fragments generated by
collisions in higher altitudes will endanger
also objects in lower altitudes, e.g. the Space
Station

Another important task is the improvement of the
input data. Corresponding investigations will be per-
formed in the near future in co-operation with NASA
(see chapter: uncertainties).

Analysis of pos}ible evolutions of the pop_lati0n

The following chapter will present some exem-
plary results of si_iations using the program CHAIN,
to demonstrate the basic tendencies of the possible

evolu[ion of the _(m_}er of object_ larger than I ca
in earth orbits.



Constant basic populations as of 1989

Fig. 8 shows the evolution of the population for
an assumed constant basic population as of 1989. In

addition to the basic population due to spaceflight
activities, a population of about 100,000 to 150,000
collision fragments will occur within several hundred

years. Therefo-e, the total population will tend
towards an equillbriumpopulation of about 150,000 to
200,000 objects larger than I cm. Although It is not

realistic to assume a constant basic population as of
1989 for 3000 years, this simulation shows that the
current basic population can be classified as a
stable one, i.e. will not lead to a chain reaction of
collisions.

OOiecls > 1 cm in earth orbils

250000
' _ i ' )

 ooooo j _L

500°0t L-__L L....L.....L.....L---zI
oi ! 1 .:,c.oo,.t,oo!

0 500 I000 1500 2000 2500 3000

year

Fig. 8 Evolution of the population for a constant
basic population as of 1989

Uncertainties

Besides the unkn_wn evolution of the basic popu-
lation, the greatest uncertainty concerning the
simulation of the possible evolution of the total

population is the poor knowledge oF the two most

important parameters: the nu_er of generated
collision fragments and their orbital lifetime-. The

decisive influence of the nu_er of fr_g_nts
generated by a collision for the evolution of the

total population is depicted in Fig. g.

500000

400000

300000

200000

100000

0

ODIn°Is > I C_ in eorlh orbits

i

° 500 ,oo_ Isoo 2000
(I) low

number of generated frag_nts; (2) _dium

(3) high

Fig. g Evolution of the population for different

nu_ers of generated collislon fragments

1_r bound of the pussible range (e.g. the assumed
current population of 35,000 objects larger than 1
cm). Therefore, the results presented in this paper'
should not be taken as exact solutions, but only to
describe the basic tendencies of the possible evolu-

tion of the population basing on realistic assump-
tions.

Critical population

To determine the cr,+ical population for the
settinc-in of d chain reaction of collisions, dif-
ferent scenarios of a constant basic population have
been examined. As depicted in Fig. 1O, a basic popu-

lation of 1.5 times the current population would
lead to a higher equilibrium population of about
300,(}00 objects. But already twice the current popu-

lation could lead to a chain reaction, although
taking several hundred years. In conclusion it could

be established that a basic population of more than
about 2 to 3 times the curren* populatlon has to be

taken as critical concerning he setting-in of a
chain reaction of collisions. This critical popula-
tion could be reached within the next 20 to 50 years
if spaceflight activities will be continued as in
the past.

Again, a constant basic population as of 1989 is
assumed. The results for the medium number of
generated fragments corresponds to the resu]ts shown 50o0oo
in Fig. 8. This medium number of fragments was always

used for the simulation presented in the following 400000
chapters. A lower fret, ent number per collision would
iead to a lower eq,_,ibrium population of about
lO0,O00 objects. An assumed very high number of 300o00
fragments per collision would lead to a very high
total population, possibly even to a chain reaction 200000
of collisions. Hence, further investigationb in this
special field are necessary to improve the results of
the chain reaction simJlations. Such investigations IOOOOO
will be performed in the near future within the scepe
of a co-operation between NASA and the lechnical Uni- o

versity of Braunschweig.

It should be pointed out very clearly that the
results presented in this paper are not worst case

scenarios, although this would be fully justified
for such problems. The assu_tions Lide for them ost

important parameters are rather modium values (e.g.
the number of generated fragments) or )ven at tlme
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Future increase of the basic popLJlation

It has to be assumed that the basic population

will increase further on due to spaceflight activi-
ties. The results of some of these more realistic

scenarios are presented in this chapter.

1000000

750000

A steady increase of the basic population will

always lead to a chain reaction of collisions sooner 5ooooo
or later, as can be seen in Fig. 11 A further
increase rate of 5 _ per year will end ir_ a chain
reaction after onl_ about 50 years. NASA is assumirg 2soooo
a 5 _ increase rate, but for the total population

including collision fragments'. Therefore a 5 _ in-
crease rate exclusively for the basic population o
seems to be more at the upper bound of the possible
evolution.

The most probable evolution in the nea_ future
seems to be the continuation of the current increase

rate of about 1750 objects larger than I cm per year,
including 175 larger than I kg (scenario 2). This
corresponds to the number of 240 objects larger than
I0 cm per year given by McKnight '°. If spaceflight
activities are continued as in the past the critical
population will be exceeded within the next 20 to 50

years and the chain r'eaccion will then come about
within the next 150 y,_ars.

But even if the increase rate can be reduced

after 30 years to the half or the quarter of the
current rate, the oh&in reaction will start up within

the next 150 to 20C years. And even if the increase
rate can be reduced at once to the quarter, this
would only cause a little delay cuncerning the
setting in of the chain reaction process.

200

Obiecls > I cfn in earth orbits

,ooooooI750000 --

500000 -- t

o 50 too 50

(1) 5 _ per year
(2) current rate (1750 per year)
(3) reduction to the half after 30 years
(4) reduction to the quarter after 30 years
(5) reduction to the quarter from now on

Fig. II Evolution of the population for different
increase scenarios of the basic population

Hence, the population must be limited in any

case, and that, as Fig. 12 shows, within the next few
decades. Otherwise the critical population, which

probably is only about 2 to 3 times the current, will
already be exceeded. Therefore if is certainly neces-

y to establish a basically new way of performin)
s..ceflight activities: all objects brought into
higher earth _rtits, where the selfcleanir_g effect of

the earth atmosphere is missing, must be actively
removed after the end of their missions, i.e. no
debris should be left behind in orbit.

Fig. 12
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Evolution of the population for different
dates for the reaching of zero increase

Altitude of the chain reaction

ThE detailed investigation af the evolution of
the population within the 4 different altitude re-

gions makes it possible to determine the critical
altitude for the setting in of a chain reaction. Fig.
13 shows that the chain reaction will start up first

in the altitude region 3 from g30 to II00 km. In the

higher altitude region 4 a chain reaction will set in
too, but later on. In the lower altitude regions, the

lifetimes of the fragments are too short for a chain
reaction effect due to the selfcleaning effect of the

earth atmosphere. An increase rate of 1750 objects

per year {current level) ior the next 30 years was
used for this simulation (scenario 3 from Fig. 12).
The other increase scenarios are leading to the same

baisc tendency. Therefore it can be established that
the altitude region 3 from 93C to II00 km is the
crititical altitude for the setting-in of _ chain
reaction.
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]mortance of _he laroer obje_

The co]:ision risk will rise basically squared
with the number of objects in earth orbits. But only
the larger objects, as potential sources for the

generation of a large number of fragmeat_ by colli- 7soooo
sions, are decisive for the setting-in of a chain
reaction. To demonstrate the importance of the larger
objects for the evolution of the population, a _ooooo
scenario without any small objects within the basic
population has been simulated. This extreme scenario

would mean that there are no explosion fragment_ and 25o000
mission related objects, neither in the pa_t nor in
the future.

As Fig. 14 shows, even for such a basic popula-

tion of only about 9000 medium and larger objects, a
chain reaction of collisions will set in. The small

objects missing within the basic population will be
replaced very soon by collision fragments. Dnly a
litt)e delay concerning tho increase of the popula-
tion could b• established. Therefore the avoidance of
small objects, as helpfu_ this would be to reduce the
collision risk concerning a large target in the near

future, e.g. the Space Station, will Imot prevent a
chain reaction of collisions.

1500OO0

1250000

1O0O000

750000

500000

250000

0

(I) 1750
(2) only

Fig. 14

Objqmcls > I cm in eqrth orbits
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L

200 400 600 BOO
ylor

30 years increase at a rate of

1.5 g including 175 • I k_ (current rate)
the 175 objects > 1 kg

Evolution of the population for an assumed
basic population without small objects

Preve,;t ;on of a chain reaction by active removal

If it is not be po_sible to limit the population
within the next 10 to 30 years a critical or unac-
ceptable high population level could be reached. The

only way of preventing a chain reaction after exceed-
ing this level is to reduce again the basic popula-
tion by active removal.

Basically it could be stated that the population

level will be higher

- the higher the increase rate is

- the longer the increase takes before the
limitation will suceed

- the later the removal w_ll be started

- the lower the r_val rate per year I_
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Fig. 15 Prevention of a chain reaction by active
removal

Fig. 15 shows the results of the simulation o_
some realistic removal scenarios. A continuat:on cf

the current increase rate of the basic population for
the next SOy ears is assumed befo the increase rate
could be reduced to zero. Witho _:tive removal a

chain reaction of collisions wi,, start up with!n

about 300 years.

The active removal must be carried blocwithin the,

altitude regions 3 (930 to 1100 km) an_ 4 (1100 _o
3000 km), in which the ch)in reaction wil_ _et in and

where the objects will have very long lifetimes. An
active removal from lower altitudes is not reason-

able, because these objects wi_l be removed naturally
from orbits due to the selfzleaning effect of the
earth atmosphere. Moreover, the removal, which is
quite difficult and expensive, seems to be reasonable

only for larger objects, because they are the poten-
tial sourccs for the hen)ration of a large number of
fragments by a collision.

Hence, a basically he* strategy for the ecomomi-
cal remval of numerous larger objects from earth
orbits has been developed at the Institute of Space-
flight Technology oF _he Technical University of
Braunschwcig". By the help of this strategy of a
cycle consiJting of energy transfer and energy trans-
formation with the help of a space tether it could be
realized to remove 15 to 30 large objects per year
per remover vehicle.

The removal of 30 large objects per year for 70
years, 25 from altitude region 3 (930 to 1100 km) and
IS from altitude region 4 {II00 to 3000 km), will
prevent the chain reaction, as the scenarios 2 and 3

are showing. If the removal could be started very
soon (in the year 2C00) the population could be
limited to an uncritical level. If the removal will

be started only later on, e.g. in the year 2090, a
significant hinher total population of objects larger
than I cm of about I0 times the current will be

reaci,!d for several hundred years. Consioering
additionally the very high nu_er of fragments in the
millimeter and submillimeter range generated by
interactive collisions, this population could be
unacceptably high.
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A risk of about ZD % per year for a collision

between any two objects among an assumed current
population of about 35,000 objects larger tham_ I cm
in earth orbits could be established, Tbe risk for a

catastrophic collision, i.e. wit_ the total destruc-
tion of the target and a significant generation of

objects large _nough to proOuce catastroph,c colli-
sions again, was found to be in the order of 3 ? %

per year. These results, which are the basis for the
simulat,ons of the possible evolution of the popu-

lation considering fragment generation by collisions,
could be gained by a half-deterministic approach.
Simulations assuming a constant basic population have
shown that the current population is not yet critical

concerning a chain reaction of collisions. In that
case the total population including collision frag-
ments will tend toward an equilibrium population of

about 150,OO0 - 200,000 objects larger than I cm.

In contrast to the collision risk concerning a

large target the collision risk among all objects in
earth orbits will rise basically squared with the

number of objects. But only the larger" objects, as
potential sources for the generation of a large
number of fragments by collisions, are decisive for
the setting-in of a chain reaction° Therfore the
avoidance of smaller objects will not prevent a chain
reaction of collisions. Nevertheless, the generation
of smaller objects such as explosion fragments and
operationa _ debris must be avoideo too of course to
reduce the collision risk concerning a large taget,

eog the Space Station.

The chain reaction will start up in :he higher
altitudes, first in the altitude region from 930 to
IIOO Lm, because the lifetime of the fracjments will

rise e_ponentia_ly with the altitude of tne colli-
sion.

_esides the unknown evolution of the basic popu-
lation, the greatest uncertainty concerning the chain
reaction investigations is the poor knowledge of the
two most important parameters, the number of gene-
rated collision fragments and their orbital life-
times. Further investigations to improve the results
of the chain reaction simulations will be perfomcd

in the next future within the scope of a co-opera_
tion between NASA and the TU Braunscbweig. The as-

sumptions made for the simulations are not worst case
scenarios, although thiswouldbe fully justified for
such problems. Therefore, the results presented in

thi: paper should not be taken as exact solutions,
but only to describe the basic tendencies of the
possible evolution of the population basing on

realistic assumptions.

A steady increase of the basic population will

always lead to a chain reaction of collisions sooner
or later. The critical population of larger objects
for the setting-in of a chain reactio, is only about
2 to 3 times the current population _no could be
reached within 20 to 50 years, if spaceflight actlvi-
ties _ill be continued as in the past. After excee-

ding this level a chai:i reaction could be prevented

by reducingagain the population to an uncritical
;evel by active removal from orbit. But for hundreds
of years then there could exist a possibly unaccept-
able high pop.lotion of collision fraoments.

And even for a subcritical population the equi-

librium fragment population in higher altitudes could

be unacceptably high, endangering also the lower
altitudes, e.g. for the International Space Station,
due to the raining down effect.

qonclusions and Recommendations

As a steady increase of the popuiat_on will

always lead to a chain reaction of collisions, the
population especially of the larger objects must be
limited in any case. This limitation must be realized
within the next few decades, because otherwise the

critical population for the setting-in of the chain
reaction will already be exceeded. The finally
reached -onstant population level should b _as low as

possible, b_:ause interactive collisions could beco_
the main source of the generation )f smaller frag-

ments endangering also lower altitudes, e.g. for the

Space Station, due to the rain down effect.

Therefore a basically n_ way of performing

spaceflight activities must be established in the
higher altitudes, where the selfcleaning effect of
the earth at_shere is missing:

A.Z.Z ob}ootJ brought J.n_.o eaz'r.h oz'bII:s
Jms_ be ao_fvely z-tutored a£f:or t.be end of
r.he_Lr ILi.na.iomm, e.g. by an active con_ro12ed
,-e-enr_-._, _r_oeuvz'e, £.e. no debrlm 8hou.ld
2e£t: beb_d .Ln oz'bif:.

Indeed, for the next generation of the european
launcher, _IANE V, it is planned to remove the

central stage from orbit shortly after the separation
of the payload by a controlled braking thrust.

If it is not possible to limit the population in
time, it will become necessary in the future to

remove large objects already in orbit, especially in
the critical higher altitudes, to reduce the unac-
ceptable or critical high population level. Hence a
basically new strategy for the economical removal of
numerous larger objects from earth orbits has been
developed at the Institute of Spaceflight Technology
of the Technical U,liversity of Braunschweig'. This
strategy of a cycle consisting of energy transfer and
energy transformation with the help of a space tether
will be investigated more detailed in the next future
in co-operation with NASA.
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Abstract

A steady increase of the _aumber of objects in
_arth orbits will always lead to a chain reaction of

collisions. Hence, the earth orbiting population must
be limited in any case. If spaceflight activit _s are

continued a. in the past, the critical population for
the setting-in of a chain reaction could be reached
within th_ next few decades. Independent thereof in
the near future interactive collisions could become

the _ain sourre for the generation of fragments in

hieoer altitudes, endangering also the lower altitu-
de:;d,e to the rain down effect. Preventive measures

(a_oiu_-re of debris) are preferable, because subse-

quent active removal is always much more difficult
and expensive. But if it is not possible to limit the

population in time active removal of nvmerous larger
objects from higher altitudes is the only way to

reduce an unacceptable or critical high population
level. In this paper a basically new strategy for the
economical debris removal is presented, realizable

nevertheless by using only techniques expected to be

available in the near future. This strategy of a
cycle consisting of energy transfer and conversion
with Che help cf a conductive space tether will

reduce d;'astically the propellant consumption for the
necessary Rtndezvous and de-orbitmanoeuwes. Thereby
the removal of numerous larger objects from higher
altitudes could be realized.

Introduction

The steadily increasing danger cf a collision
with orbital debris has become meanwhile a major

consideration for a11 spaceflight activities. At the
moment, the collision risk e.g. for the Space Station

is probably predominated by fragments from explosion
in earth orbits. In the future, interactive colli-

sions in higher altitudes could become the main
source for the generation of fragments endangering
also the lower altiLudes due to the rain down effect.

Beyond the problems of single impacts there is a

long term threat to spaceflight in general: a pos-
sible chain reaction of collisions z'z.The fragments

generated by a collision among two larger objects in
earth orbits could produce new collisions and this
can successively lead to the formation of an arti-

ficial debris belt in the way of a chain reaction.

Spacefli)ht could then become i_ossible in certain
altitude regions for many centuries.

The detailed analysis of these problems has shown

that the larger debris objects, e.g. sncnt payloads
and upper stages, are of decisive i_portance in this

respect, becaus_ they are the potential sources for
the geneyation of a large numbe: ef fragments _'z.
Hence, in order to avoid the generation of too much

debris fragments endangering spaceflight activities
or even more to avoid a chain reaction of collisions

it is necessary to limit or preferable to reduce the
number of larger objects in earth orbits. Therefore

it could become necessary in the future to remove
larger debris objects already in orbit by _pecial
missions.

Limitation oI the population

The population of objects in earth orbits must be li-
mited in any case, because a steady increase will al-

ways lead to a chuin reaction of collisions. Fig. I
shows the results of simulations of the evolution of

the population including fragment generation by
collisions z. The critical population of larger

objects for the setting-in of the chain _eaction is
probably only 2 to 3 times the current one and could

be reached within the next 20 to 50 years if space-

flight activities are continued as in the past.

Obiec|s > I crn mn corlh Orbils
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(1) steady increase of the current rate

increase rate zero reached after

(2) 50 years (3) 30 years (4) tO years

Fig. I Evolution of the population for different
dates for the reaching of zero increase

The research conta;ned i_ this paper has been fi-

nanced by a contract fron Ministry for _ese_rch
and Technology of the Fede ¢,publik of Germany

Copyright 199D by P. Eichler _d A. Bade. Published

by the American Institute of Aeronautics and Astro-
nautics, Inc. with permission

After _xceeding this l_vei a chain reaczion :ould
be prevented by reducing agai_ zhe _op_laticn to an

uncritical level by active removal, as can be seen in

Fig. 2. lhe remcval of 30 large objects from higher
altitudes for 70 years wil) prevent the chain reac-
tion, as the scenarios 2 and 3 are sh_;ng, The
sooner the removal can be started the lower the

occuring oopuation level will be.
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Fig. 2 Prevention of a chain reaction by active
removal

Preveotive measvrcs

Preventive measures are absolutely preferable to
limit the population to an uncritical level and
should be established as soon as possible. Subsequent
active removal is always much more difficult and
expensive. Examples for effective preventive measures
are:

active deorbit of payloads and upper stages
at the end of their missions, e.g. planned for
ARIANE 5

the prohibition of intentional explosions in
earth orbits, at least the limitation to l_v
altitudes

the avoidance of unintentional explosions,
e.g. by venting residual propellant in spent
rocket upper stages

- cvoidance of operational debris, _.g. separa-
tion bolts, clamp bands, lens covers etc.

- avoidance of microparticles from surface de-
gradation, e.g. paint of rocket upper stages

But if it is not possible to limit the population
especially of the larger objects in time, active
removal is the only way to reduce an unacceptable or
critical high populotion level. Hence, active _emoval
could become necessary n the future.

Basic requirements fo_.active debris removal

Active removal is only reasonable for larger
objects, because the necessary Rendez_ousmanoeuvres
are very difficult an_ expensive. The larger objects
are the oot_ntial sources for the generation of a
large number of fragments by collisions and there-
fore of decisive importance for chain reaction
effects.

The active remov=l must be carried out in the

higher altitude regions between 800 and 1500 km, in
which the chain reaction wi!] set in and where the
fragments will have very Ion§ lifeti,_esdue to the
missing of the selfcleaning effect of the earth
atmosphere. An active removal from lower altitudes
is not reasonabie, because these objects will be
removed naturally from orbits within a few years.

Hence, to obtain an appreciable effect it _s
necessary to remove nun_rous larger objects fro_
higher altitudes (e.g. 2100 objects for the
prevention of a chain reaction in the scenario shown
in Fig. 2).

_asic requirements for an ecopomic remover sa_el!_e

To fulfil the basic requirements described in
the previous chapter an economic remover satellite
must be capable of removing per mission, i.e without
the necessity of servicing in the meantime:

- not under 20 to 50 objects

- each weighing up to some.thousand kg

- from altitudes between 800 and 1500 km.

This can't be realized using conventional tech-
niques, e.g the Space Transportation System and an
Orbital Manoeuvring or Transportation Vehicle s due
to the very high energy consumption for the neces-
sary Rendezvous and de-orbit manoeuvres. Former
proposals for debris removal strategies like ASPODs
or TRASH', who will be able to remove only 2 to 3
larger objects from altitudes around 500 km are also
not capable to fulfil these requirements.

Therefore a basically new strategy for the
economical removal has been developed at the Insti-
tute for Spaceflight Technology of the Technical
University of Braunschweig. This strategy, realiz-
able nevertheless by using only techniques expected
to be available in the near future, will be
described in the following chapters.

_)rateqy for th@ economica) removal of
nu_rou_ )aroer obJec_

The strategy for the removal of numerous objects
from earth orbits will always consist basically of
_uccesive Rendezvous and de-orbit manoeuvres.

Basic idea for the De,orbit manoeuvre

Each debris object mus: be de-orbited separate-
ly, otherwise the total mass of the remw)ver and by
that the propellant consu_tion for the next manoeu-
vres will rise steadily. To de-orbit the debris the
orbital energ) _u_t be decreased (by deceleration)
until its perigee is low enough {_ about 80 _malti-
tude) lor safe Re-entry and Burn-up in the dense
atmosphere.

The basic idea is now to decrease the orbital

energy of the debris by transferring energy to the
re_over satellite with the help of a space tether.

197



De-orbit by enerqy transfer

The u:;e of space tethers For energy transfer in
general 6 a,_dfor waste disposal for the Space Station
in particuJ_r 1'j has a,ready been described in the
literature. T_is technique will be used as the first

part of the ne_ debris removal strategy.

_y roping down the debris after the Rendezvous

manoeuvre the remover will climb to a higher alti-
tude, while the debrls will decay to a lower alti-
tude, as can be see,n in Fig. 3. The tethered
satellite system wiT' be stabii_zed by gravity
gradient forces along the local vertical. The

orbital velocity remains nearly unchanged. Hence,
after the separation the debris is _oo slow for his

altitude, so the separation point becomes the apogee

of his new orbit. If the tether is rather lung the
perigee of the new orbit is low enough for the Re-
entry and Burn-up of the debris. After the

separation the reaw)ver satellite is too fast f_r his

altitude, so the separation point becomes the
perigee of his new orbit.

j

/ /

\ /

Remover

b_

Fig. 3 Energy transfer with the help of a tether
a) after roping down
b) after separation of the debris

The resulting new orbits after the separation as
a functien of the tether length are shown in Fig. 4.
The resulting apogee and perigee altitudes are also

dependant on the initial altitude and the masses of
remover satellite and debris. The results presented
in Fig. 4 are valid fer an initial circuiar orbit of

700 km altitude, a debris mass of 1000 kg _nd a
remover mass of 2000 kg. The heavier the debris is

compared to the remover, the smaller er_ the orbit
chznges of the debris and th_ i_rger are the changes

of the re_ver orbit. Hence, the larger the debrls
is, the lon_er must the tether be to reach the same

pe_-igee altitude of the debris lo_ enough for the
Re-enzry.

 oooI
QpogeeI
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_- 1,00 !_ debris opogee
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Fig. 4 Perigee an_ apogee altitudes of remover and

debris after separation versus tether length

The tether forces _ue to the difference between

the gravitational and centrifuga! accelerations are
comparatively small. Tether forces in the order of

about 200 to 400 Newton will occur depending on the
altitude, the teth)r length and the masses of remo-
ver satellite and debris. Hence, a tether diameter

of only I mm is sufficient u_ing e.g. Kevlar. A

tether of 150 km length then will only have a weight
of about 170 kg.

By the help of this strategy the de-orbit of

large debris objects can be realized without any
energy consumption, e.g. for braking thrust. On the
contrary, the energy will be gained for the remover.

Enerav conversion b_ the electrodynamic effect

The basic requirement *or the removal of nume-

rous objects from a specific altitude region is that

after the de-orbit manoeuvre the remover must always
coma back to his original altitude, i.e. to the

orbital energy level. The transfer of orbital energy
from the debris to the remover _nay be helpful ini-
tially. The remover can bc released e.G. fro_ the
Space Shuttle in lower altitudes ant _c:u}_ be d_)e

to rope himself up tc n_gner a!ti'udes

But af!er reaching _),eo:)eretiJ_a( altitude th_
de-orbit energy transferred Trom t_ debris to the
remover is in excess. With each de-orblt manoeuvre

the remover wo_Id climb nigher, leaving his opera-
tional altitude v_ry soon. The solution cf this

problem is to convert the surplus orbital ene:gy
into electrical energy with the help of the electro-
dynamic effect of a conductive tether.
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Eneroy conversion by the e'ectrodynamic Pffect

Th( basic requirement for the removal of nume-
rous ob.iectsfrom a specific altitude region is that
after th,_ de-orbit manoeuvre the remover must always
come back to his original altitude, i.e. to the
orbital energy level. The transfer of orbital energy
from the Jebris to the remover may be helpful ini-
tially. :he remover can be released e.g. from the 7120
Space Shuttle in lower altitudes and would be able "e
to rope nimself up to higher altitudes. "_-- 7060

But after reaching the operational altitude the

de-orbit energy transferred from the debris to t_e ) 7000
remover is in excess. With each "--orbit manoeuvre "_
the remover would climb higher, leaving his opera- E
tional altitude very soon. The solution of this
problem is to convert th_ surplus orbital energy
into electrical energy with the help of the electro-
dynamic effect of a co_,ductivetether.

[he basic physical phenomenon of the eiectro-
dynamo effect is shown in Fig. 5. The move_mnt of
the conductive tether _ithin the earth m_gnetic
field will induce a voltage and, if the electric,_l
circuit can be closed by plasma contact, _ current
within the tether. This induced tether current
interact: with the earth magnetic field to cause a
decelerating force on the tether. Hence, orbital Fig. 6
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energy can be converted directly into storable elec-
trical energyt'_°'_'.The achievable altitude loss is
in the order of 10 to 50 km per day and the electri-
cal power in the order of 5 t_ 25 kW, dependant on
the tether length and the orbital altitude and in-
lination. Fig. 6 gives an example for the altitude

(orbital energy) loss due to electrodynamically
genercteo thrust.
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If a reverse current will be _o_ce_ within the

tether, the interaction between the tether current

and the earth magnetic field produces an accelera-
ting force on the tether. In th_s case, elect,-ical

energy w11l be converted directly back into orbital
energy. This effect will be used later on for the
perforznancc of the next Rendezvou_ manoeuvre.

The eiectrodynamic _f_ect of a conductive tether
n_virg within the e_rth magnetic field is a basic

phy:_cal phenomenon, but has not yes been verified.
Mai_ problems could be the realization of the plasma

contact _sing hollow cathodes and the determination
of the resulting ionospheric impedance. The TSS-I

mission planned for January Iggl will hopefully
prove the existence and the u_efulness of the
electrodynamic effect u .

Tne altitude loss by energy conversion and the
tether length for the roping down can be co-
ordinated, so that after the separation the debris

will re-enter and the remover wili reach again his

initial orbital energy level. Instead of consuming

energy to force the debris to re-enter, this energy
will become available for the re_ver satellite as

electrical energy. The energy can be stored and used
later on for the next rendezvous _noeuvre.
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Rendezvous manoeuvres for the next _e,x)val

Inclination and altitude of potentta_ tarqet objects

The analysis of the population of objects in

earth orbits has shown that the potential target
objects for active removal, i.e. spent payloads and
upper stages are concentrated into a few very

specific inclination and altitude regions.

As can be seen in Fig. 7 and 8 two altitude
regions - from 700 to II00 km an_ from 1300 to 1700

km - could be established, where a large number of
target object_ can be found within very small
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in!ination regions. In addition, these obJects are

having always nearly circular _rbits the mean
differences between apogee and perigee altitudes are

only about 30 to 60 km.

How strong the concentration of the inlinations

of the target objects really is shows the example
given in Fig. g. Up to more than 100 objects can be
found within a range of only 0.01 degrees.

Fig. g
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Altogether _r_ th_n 800 potential _L,. ,t
objects (w_';th incr_aslng .o,A,_._._..,-v1._,,_ b. :_; d
,i*hi, onl. 5 _mall inlination/a!t'it_d_ "egic,is:

- a,c:tu._e regior fro;(,70G _ to _lO0 ' •

108 objects

Ig8 objects

67 objects

within i _ 74.D5 _ 0.05 deg.

within) i = 82.95 C 0.05 deg.

_ithin i = 99.00 * 0 c Jeg

- altitude region from 1300 up to 1700 km:

382 objects within i = 74.00 _ 0.05 deg.

50 objects _ithin i = 82.50 _ 0.05 dog.

Hence, each remover satellite can operate within

a very small inclination region. This is very advan-

tageous, because no inclination changes are neces-
sary for the Rendezvous manoeuvres, which would cost
a lot of propellant.

Necessary ad.ius_ments of the remover orbit

For the rendezvous manoeuvre with tne next

debri_ object the fo:lo_ing adjustments of the

remover orbit are necessary to reach the target
orbit:

- attitude of the orbital plane:

- inclination:

negligible, b_cause the _emover can operate
al_ays _ithin a very small inlination _egion

right ascension of _he ascending noder

is adjustaLle by using th_ nature1 orbital

precession, i.e. _itt_ut any propellant
consumtion. Analys}s has shown that due to
the high number of poten_ial targets the next

target orbit will be reached within only some
hours up t_ sor_e days.
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Fig. iO

i i i'_'

Orbit change by electrodynamic thrust:
ascent with increase of eccentricity

Fig. ll Orbit change by electrodynamic thrust:
ascent with decrease of eccentricity

argument of perigee:

negligible, because the target orbits are
always nearly cicular

The great advantages of the use of the electro-
dynamically generated thrust are:

- no propellant consumption and

size a')d shape of the orbiz:

orbital manoeuvres are necessary to adjust the
semimaj_r axis and tb_ eccentricity

no additional devices are necessary, because
the devices for the electrodynamical decele-
ration can be used vice versa

The disantvantages are;

_rbit c_anqe by electrodynamic.thrust - low thrust level: about 0.5 to 2 Newton

The electrical energy gained by the conversion

of the orbital energy transferred from the Oebr'is to
the remover can now be used for the next Rendezvous

=anoeu_re. Cne way could be the use of electrical

propulsion systems, but the most effective way will

be co convert the electrical energy directly back
into orbital energy by electrodynamically generated
thrust. The basical physical effect has been des-

c,'ibed in the chapter "Energy conversion by the
electrod)_am_c effect'.

- only tangential thrust is possible

Nevertheless the necessary adjustments of the
seiimajor ax)s and the eccentricity for the next
Rendezvous could be realized within only a few days.
The results given _r)Fig. lO and ii are sho_ing the

capability o_ o_b_tal adjustment by Jsing electrody-
namica!ly generated thrust.
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The cycle of enerqy transfer an.d conversion

The whole strategy of the cycle consisting of

.nergy transfer and cnnversion with the help of a
conductive space tether is shown ;n Fig. 12.

w
c_

o_

IiM

next Renclezvou$ monoeuvre

COheSion of e4e(tncn', into orb,to! energy

reieo_ or_ _ _ _ Final App,'OQr..h

Re-entYOfdebfns / / on(l OOCklng

con_f_n of tt_ /trensfer of orbital enec'gy

_,w-_."el e_r_.,__ ezcess _ from _brws t_ remover
.ntoelectrlc_!energy

Fig. 12 Removal strategy of a cycle consisting of
energy transfer and energy conversion

After the Rendezvous manoeuvre (Phase 2) orbital
energy will be transferred from the debris to the
re'_ver by roping down the debris (phase 3). In

addition, orbital energy of the whole system of
remover satellite, tether and debris will be con-

verted into electrical energy with the help of the
electrodvamic effect of a conductive tether moving
within the earth magnetic field (Phase 4).

The altitude loss by energy contersion and the
tether length for the roping dcyrm can be co-

ordinated, so that after the separation the debris
will re-enter and burn-up in the dense atmosphere
(Phase 5). The remover satellite has come back to

his initial orbital energy level. Hence, instead of

consuming energy to force the debris to re-enter,
this energy will become available for the remover

satellite as electrical energy.

The ene_'gy can be stored and used later on for
the performance of th_ next Rendezvous _anoeuvre.

The most effective way will be tc convert the
electrical energy directly back into orbital energy
by eiectrodynamic_lly gonerated thrust (Phase I).

Only a small amount of additional propellant is
necessary for the final approach and the docking

with the next debris (Phase 2). With that the cycle
of energy transfer and conversion has been closed.

By the help of this new strategy the removal of
numerous larger objects from higher altitudes could
be realized.

The analysis of the simulation of realistic
removal scenarios has shown that the whole cycle of
Rendezvous and de-orbit manoeuvre including the
orbital plane adjustment by natural p_ecession can

be perfor._ed within about i to 3 weeks. Hence, a

total of about 15 to 40 large objects could be
removed from higher altitudes per remover satellite
and per year.

Further development of the removal strateqy

At the moment the removal strategy is being
developed in the following fields:

- for the de-orbit of the debris:

co-ordination and optimization of:

the tether" length for the energy transfer and

- the altitude loss by conversion of orbital
into electrical energy, so that after the
separation the debris wil! re-ent_r and the

remover will have the best starting orbit
concerning the Rendezvous manoeuvre with the
next debris.

- for the next Rendezvous manoeuvre;

co*ordination and Jptimization of thc time for:

- the adjustment of the size and shape of the
orbit by using the electrodynamically gene-
rated thrust and

- the time for the naturcl orbital precession
to reach the target orbit.

The new removal st _tegy, especially the elec-
trodynamic oart, will be investigated more detai!eo
in the next future within the scope of a co-

operation be'ween the TU BraJnschweig and NASA.

S._arv

The nu_er o6 objects in earth orbits must be
limited in any c_se, because a steady increase will
always lead to a chain reaction of collisions. The

critical population of larger objects for the

secting-in of a chain reaction is only about 2 to 3
times the current one and could be reached within

the next 20 to 50 years, if spaceflight activities

are continued as in the past_

Preventive measures (avoidance _f debris) are
preferable, because subsequent active removal is

always much more difficult and expensive. But if it
is ,_.t possible to limit the population in time

active removal is the on!) way to reduc_ _n
unacceptable or critical high population le_¢). To

obtain an appreciable effect only the active re,_val
of numerous lar_er oUjects from higher altitudes is
rea_.onable.
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The new strategy of a cycle consisting of energy
transfer and conversion with the help oi _ conduc-

tive space tether described in this paper will I.

reduce drastically the propellant cunsumption for
the removal of objects from earth orbits. Instead of

consuming energy to force the debris to re-enter,
this energy wil] be _ransferred to the remover and
converted into electrical energy. This eneroy can be
stored dnd used later on for the next Rendezvous 2.

manoeuvre. Thereby the removal of numerous larger

objects from higher altitudes could be realized.

Conclusions and Recommendations

Imperative is the verification of basic physical

phenomena: of the tether technique in get,oral and of

the electrodynamlc effect of a conductive tether
moving within the earth magnetic field in particu-
lar. Of special interest is the problem of the

plasma contact using hollow cathodes and the deter-
mination of the resulting ionospheric impedance. The
TSS-I mission planned for January 1991 will hope-

fully prove the existence and the usefulness of the
eleccrodynamic effect".

Before the removal of spent satellites and

rocket upper stages can be ;tarted the following
political/legal/economical pru_ .ms must be
clarified:

- the ownership ano the responsability for the
debris object

- is it permitted to remove foreign debris
objects endangering spaceflight activities?

who has to bear the costs for eventualiy ne-
cessary removal manoeuvres - an international

fund sponsored by sowe kind of "space refuse
removal tributes" from the ow_ers/responsabies
of the debris?
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This paper reports the significant

findings of a concept study on the

rescue of a space nuclear reactor to

prevent its reentry into the biosphere.

Required system functions are described

as well as needed technologies. The

needed technologies are related to the

existing ground-based and space-based

infrastructures. The challenge of

reactor rescue is related to the broader

problem of space debris and its effect

on satellite and space station

survivability. The effects Of active

orbited debris removal are presented.

Significant study findings are
discussed.

STEWARDSHIP OF THE SPACE ENVIRONMENT

The close-up views of other _,orlds in

our Solar System and the magnificent

synoptic views of Earth provided by

space sysnems have inspired many people

to reflect on where we are heading as a

species and what will be our ultimate

role in the intelligent stewaraship of

both our home planet and the Solar

System itself. With our recently

acquired skills to observe global

processes also comes a distinct

awareness of our inherent responsibility

to manage the human use of Planet Earth,

near-Earth space, and eventually the

Solar System itself. It is a global

species that we are now transforming the

planet. It is only as a global species,

through pooled knowledge, coordinated

actions, and intelligent resource

utilization, that we have any prospect

for managing the plant Earth's (and

eventually the Solar System's)

transforming along pathways of

sustainable development. In fact, self-

ccnsci_us, intelligent _nanagement of

both the Earth and space is one of the

great challenges fac--g humanity as we

approach the 21st Ce _ry.

Although efforts to manage the

i_teractions between people and their

environments are as old as human

civilization itself0 this "biospheric

management problem" has been

significaDtly escalated by the dramatic

increases ,n the rate, scale and

complexity of contemporary people-

environment interactions. The very same

sources of human inventiveness,

creativity and energy that now enable us

to transform the Earth and to venture

out into the Solar System for the flrst

time in human history have also provided

us with an unprecedented understanding

of how our planet function:,. Yet,

expanding human activities in space over

the last decade or so have also been

accompanied by an increasing

accumulations of "space debris", a

collection of manmade objects in Earth

orbit, that represent a growinq threat

to contemporary and futl,_e spac

developments.

All growth, whether on Earth or in

space, involves risk, environmental

interaction and change. A prudent

pathway is to seek maximum human

development results (pro maximus),

including the acquisition of new

knowledge, while introducing a minimum

perturbation to the natural environment

(de minimus) both here on Earth, as well

as in space. The identification and use

of such prudent development pathways is

not always easy, but neither is it

unnecessarily difficult or impossible to
achieve.

Today, the use of space nuclear power to

explore the far reaches of our Solar

System and to help establish humar

settlements on other worlds represents a

new Promethean gift and challenge.

Careful stewardship of the energy from

the atomic nucleus opens up the Universe

to exploration and settlement, while

improper management of this powerful

technology could lead to severe

environmental insult eithe_ on Earth or

perhaps e_en in space.

Thlspaper Isdeclareda work Of theU.S. Csovernmen_and
is not subjec! [0 cop/rlliht prolecilon in the Unlled State6
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;NTRODUCTION

Space nuclear reactors will provide

unique power options for future U.S.

space program applications such as Lunar

and Martian bases, transportation,

extraterrestrial resource development,

solar system exploration, and Idrge

information gathering platforms for such

appllcatioDs as expande4

telecommunications and global

environmental monitoring. The major

advantages of space nuclear power

systems when compared to other space

power sources (e.g., solar photovol_aic

arrays or solar thermal systems) arise

in the nuclear reactor system's

cempactness, high power density, ability

to operate at full power independent of

distahce from or orientation to the Sun,

and enhanced ability to operate in

hostile environments (such as trapped

radiation belts, the long lunar nights.

_nd intense dust storms on the surface

cf Mars). These capabilities are

illustrated in Figure I.

If we are to take advantage of the

umique capabilities of space reactors,

safety must be paramount in fbe design

a_d operation of these power _ _urces.

Both the U.S. and the Soviet Union have

strongly emphasized space reactcr

safety. This paper outlines one

potential element of that comprehensive

U.S. safety program. Prior to

discussion of the details of our study

on space reactor rescue, it is

instructive to review the extensive

s_fety design and operational aspects of

the U.S. national space reactor program.

The principal safety guideline

underwriting the beneficial use of

nuclear energy in outer space is to

minimize the likelihood of consequences

that might be caused by the interaction

of radioactive materials with the

terrestrial biosphere. In an effective

aerospace nuclear safety program,

stringent design factors and well-

demonstrmted operational procedures are

employed to protect human beings and the

overall terrestrial environment under

both normal flight conditions and all

credible accident scenarios. Safety

design features and operational

procedures are intended to keep any

potential public radiatio_ exposure to

within the limit_ of internationally

accepted standards. Contemporar/

nuclear safety philosophy and objectives

require that the space reactors remain

subcritical in all credible accident

environments. This guarantees that

there is no generation of fission

products or the release of radioactivity

before the reactor and its payload have

been placed in _n _p_r_priate
operational orbit.-'-'_

The current U.S. space reactor program,

SP-100, has developed a space reactor

design that completely satlsfies

established sa£ety criteria (see figure

2). Every effort has beep made to

insure that design features of this

reactor minimize the _ikelihood of

events that could result in harm to the

biosphere. The reactor itself is

designed to automatically reduce power

during any unanticipated power

increases. Auxiliary cooling loops,

which ensure no melting of the barriers

to fission product release during

potential off-normal events, are

included in the design. Neutron

absorbing materials are included in the

design to preclude a critical

configuration of the reactor core upon

water immersion. A reentry shield is

included around the core _o ensure that

it remains intact during any atmospheric

reentry to minimize any radiological

release in the biosphere. Refractory

metals are used throughout the core to

provide structural integrity during high

temperature operation. These refractory

cladding materials along with the

refractory metal pressure vessel and the

carbon reentry shield form a multiple

barrier to radioactive material release

to the biosphere and consequently lead

to very low risk. U.S. space reactor

programs have made safety paramount and

have developed designs that minimize the

potential for exposure of the biosphere

to the release of radioactive materials.

The Soviet Union has successfully

launched over twenty nuclear reactors

into low earth orbit. Although Soviet

nuclear reactors in low earth orbit are

routinely boosted to a higher long-lived

orbit at the end of the useful reactor

lifetime, subsequent to the inadvertent

reentry of the COSMOS 954 satellite

Soviet designers have described

engineered safety features which

separate the core from the bulk of the

power system to ensure com_.lece burnup

and dispersal of the core in the upper

atmosphere should an unplanned reentry

occur. This safety practice is in
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compliance with the United Nations and

the Internaticnal Atomic Fns[gy Agency

conventions on the use of space nuclear
4

power sources.

GENERAL PRINCIPLES OF

U.S. SPACE REACTOR SAFETY

II.

III.

IV.

V.

VI.

VII.

VIII.

IX.

X.

Design and Operation of the

space reactor will minimize

the exposure of t_e biosphere

to radiological consequences.

The Designer _s primarily

responsible for spac_ reactor

safety.

No launch pad, ascent, abort

or reentry event resulting in

impact can resclt in a

critical geomet_ 7 of the core.

Reactor in,st have negative

power coefficient.
Reactor will remain

subcritic_l if immersed in

water or other fluids.

Reactor not operated until

stable orbit or flight path

achieved. If operated in low

orbit, system must include

reboost capability

Two independent shutdown means

for core to be provided.

Independent, shutdown heat

removal paths shall be

provided for decay has _
removal.

The irradiated fuel will

provide no significant
envirormental hazard.

Reactor shall remain

subcritinal under any

conditions imposed by launch

explosions or range safety
destruct actions.

Figure 2

A key element of all space reactor

safety programs (U.S., Soviet, and

others) is to guarantee that, once

operated at power, the space reactor

core be kept from unintentionally re-

entering the terrestrial biosphere until

it fission product inventory has

radiologically decayed to negligible

levels. However, reviewinq past space

reac%or experience, notably that of the

low altitude Soviet space reactor

program, reveals that attempts to boost

a space reactor from low altitude to a

higher, long-lived d%sposal orbit may

not always be successful. It is,

therefore, not unrea_onabie to ask,

"What happens if arector's onboard

safety and disposal featu:e= fail?"

Considering the evolving, sophisticated

space infrastructure projected for the

next decade and beyond, is it not

reasonable to define a multipurpose

space system, one of whose missions is

to provide additional assurance that

components of space systems (i.e. space

debris), including nuclear systems,

never unintentionally return to the

Earth's biosphere. For example, an

errant Mars soil sample return

spacecraft may require intercept and

capture outside the Earth's biosphere to

prevent potential terrestuial

centamination. This study defines th,

overall space infrastructure necessary

to find, capture and 'ispose space

nuclear power systems _ distress.

Drawing on emerging space technologies,

Project SIREN would also support a

variety of other important space debris

management missions, creating a greater

public confidence in our continued use

©f advanced tecnnologies in space.

OBJECTI__LS OF THE PF, OJECT SIREN STUDY

The objective of Project SIREN (Search,

Intercept, Retrieve, Expulsion-Nuclear)

is to define a conceptual space

technology infrastructure that supports

the timely location, acquisition,

transportation and dispos_l of space

nuclear power sources Jn space thereby

preventing them from reentering the

biosphere. Specific objective include:

Identification of options by

which we can permanently

dispose of a spent space

reactor at end-of-life or in

case of a premature shutdown.

Identification of needed

additions and modifications to

the existing or planned space

infrastructure to implement

such a program if desired.

Investigate the legal

implications of such efforts

and evaluate the need for

international cooperation in

this area.

Consideration of how "SIREN"

technology might be applied to

address the broader issues of

management of the space debris

environment.

IMPORTANT ASSUMPTIONS OF THIS STUDY

For the purposes of this study several

key assumptions were made that could

have a significant influence on the form

and stcucture of any proposed SIREN

concept. First, it was assumed that any

given disposal attempt could fail. It

followed therefore that the concept must

incorporate multiple attempts. Second,

the co,_cept must be based upon the use

of existing or planned space assets. It

is not acceptable in thls study to

attempt to solve a problem by

recommending the expenditure of billions

of dollars to create an entirely

separate space technology

infrastructure. Since any individual

space system is subject to failures, the

SIREN concept cannot base the disposal

mission < n a cooperative nuclear power

source. The concept must be viable even

when the power source has completely

failed. Finally, due to the extreme

Fublic sensitivity to mar_zde ionizing

radiation sources, for the purpose of

this study it was assumed that
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terrestrial disposal options were

unacceptable for consideration.

SIREN CONCEFr/SYSTEM FUNCTiNQ_N__

Project SIREN, to be effective, must

have the following major system

components/capabilities:

Monitoring and Tracking.

Acquisition/Rendezvous/Capture

Systems.

Transport�Disposal�Clean up

Systems.

Command and Control Center.

The purpose of this section is to

highlight the needed components and

infrastructure for a functioning SIREN

System. Detailed studies have not been

performed to optimize the system

discussed here. Rather, this discussion

attempts to illustrate the functional

requiremeDts of a system such as SIPEN.

_on_tor_ng and Trackinq

The SIREN system must be capable of

monitoring and tracking space nuclear

power sources from all countries, not

just the United States.

First, the system must be able to locate

operational a_d spent space nuclear

power sources. Monitoring is important

to discover problems with operational

NPS" as soon as possible to allow for

maximum SIREN reaction time. Tracking

must also be capable of following the

reactors in degrading orbits or in

orbits that are changing rapidly.

The SIREN system will probably use a

compination of components to accomplish

these functions. First, the existing

ground-based network will be used

extensively. In this unclassified

document it can only be said that the

existing ground-based assets are capable

of supporting the needs of project

SIREN. Second, a space-based monitoring

and tracking capabllity will be needed

as the population density of space

reactors increases. These space-based

assets might include the planned space

station, a lunar based facility, or

dedicated free flyer monitoring

platforms distributed throughout the

nuclear use zones as needed. Ground-

and space-based elements Eight need tha

ability to detect the NPS based on IR,

radar, or nuclear emissions. Third, the

space reactor itself can be considered

an important element of this component.

0nboard beacons and "in the clear" of

telemetry signals for health status can

be used. The use of such onboard

devices would, hopefully, be voluntary

add specific formats established by

international agreements. These beacons

could be RF transponders, optlcal

flashers, or radar cross-section

enhancements.

Acqdisition. Rendezvous, and Capture

The SIREN system must also be able to

acquire, rendezvous, _nd capture the

NPS. The infrastructure discussed

previously for monitoring and tracking

will have a major role t) play in the

acquisition, rendezvous, and capture.

However, much more is required to

successfully "catch" the NPS. First, a

ground-based command _nd control center

will probably be needed to coordinate

both ground (e.g., NEST activities} -nd

space rescue activities. This can.

will be a repository for information on

NPS design, orbits, beaconsr

frequencies, etc., that will be needed

to effect the rescue. It can be a U.S

or an international center, whose

missions may grow in time to space

debris removal or astronaut rescue.

Second, a space-borne command and

control center may be a necessary

adjunct to the ground-based comm_nd and

control center. It may eventually be

able to operate autonomously, but

probably not until after 2010. This

space-borne command and control

extension could be loca_ed on the U.S.

space station or on the moon.

Eventually, a "manned" orbital

maneuvering vehicle (OMV) mother ship

could take over this space-borne role.

Due to the high dose rates possible rear

an operating space reactor, and since

the reactor may be tumbling and thus

preventing access in the shield cone, a

"robotic h capt,lre vehicle will be

need.d. This capture or rescue vehicle

(ORV) will be teleoperaticnal or,

perhaps at a later date, autonomous. It

will need a suite of sensors such as

optical, IR, laser ranging, radar (long

range and proximity) and various nuclear

detectors (gamma and neutron). This

capture vehicle could be controlled

semi-autononmous]y from the qround,

mother ship or the space-borne command

and contr_l center.

At this stage it, this preliminary study

the capture mechanisms re,fired on the

rescue vehicle cannot be specified, but

some general characteristics are

apparent. First, the space reactor may

operate in a variety of conditions from

intact/shutdown to intact/operating to

disrupted�operating. Thereforet a

variety of capture mechanisms must be

included on the rescue vehicle. This

approach might require a universal

docking feature on the space reactor to

ensure capture of the event NPS. The

rescue vehicle will probabl_ also

require a capture system for those

situations where the reactor or its

universal docking feature is not intact.
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In these cases the rescue vehicle will

have a "catcher" 5ystem such as a net,

trap, tether sna_e, adhesive end

effectors, etc. This "catcher" syst_u_

must tolerate high temperatures since

the reactor could be at or near

opurating temperatures at the time of

capture. Such materials as Kevlar or

Astroquartz weave may not be suitable

for "catcher" material due to potential

temperatures as high as 1400°K for the

NPS. The "catcher" system must be

designed to capture all co-orbiting

pieces of a disrupted reactor, gather

the captured pieces into as compact a

volume as possible, secure the package

to the transfer stage, and survive the

g-loadings of the trip to the d_sposal

site. Perhaps a combination of high

temperature capture net and carbon-

carbon disposal cask could satisfy these

requirements.

The "robotic" capture (rescue) vehicle

(ORV) must also be desigred to operate

in the presence of a high temperature

heat source as well as an intense

radiation field. Radiation-hardened

electronics will probably be required on

board the capture/rescue vehicle. Since

the entire rescue will depend so heawily

upon sensors on the rescue vehicle,

redundancy and special protective

shutters may be required. This

requirement is prompted by the potential

of the space reactor to leak hot

effluent that could plate out on cold

surfaces (e.g., IR sensors), disabling

critical functions. The capture/rescue

vehicle may itself be the transfer

vehicle or must be able to attach the

reactor payload to a separate transfer
vehicle.

Disposa_ Options

There are many acceptable disposal

options for SP-100 class reactor other

than an earth-bound location. The

final step in the operations of a SIRSN

system is to disp3se of SP-100 class

reactor in a "permanent" fashion. The

SIREN team has performed a series of

calculations to determine the veloclty

change requirements (DV) and the

transfer vehicl- mass to relocate SP-100

from a 500 km clzcular earth orbit to

various locations. These calculatlons

were performed for various SP-100

disposal masses and are illustrated zn

Figure 3. The disposal option chosen

for SP-100 is highly dependent oF the

capability of the SIREN rescue

sDacecraft and its mass _ransfer

capability.

A I000 km circular earth orbit is

attractive because it comoires ver_ long

orblt life (2300 years) with low vehicle

masses. After 2300 years in orbit, SP-

i00 has essentially ceased to be a

radiological hazard upon reentry, and

has become the same hazard as a

meteorite. While 2300 years is Dot

"permanent," it does represent a cost

effective disposal option that allows

the SP-100 to become a non--radiological

hazard.

SLg_4JtR¥ OF OXSPOSkL DESTINATION RESULTS

Orbital Initial Vehicle

Disposal _v Liver;me Tramsfer

Destlnatlons (a/s) (_aars) Namu

}470k_" _5_OK_*

Long-Life

Earth Orbit (k_) 10C0 Z_2 230¢ 252 I06

2500 908 >i00,000 972 156)

4900 1400 !632 2624

5500 178 _ 2234 3592

7000 2097 27_I 4473

85G0 2_51 3278 5272

GeO Stationary O_xt J820 >.5 all 7420 ;_932

5XGeo Statlonary 0t'bit _0_7 >I mil 8295 13140

I AU Solar £11ip_ical orbit 3154 N/A 5219 8393

1.1 AU Solar £11iptical orbit 4480 N/A 10414 16749

.86 AU Solar Clr_l:r Orb!t 4450 H/A 10252 164S7

I.I AU Solar C_ro41ar Orbit 4500 N/A 1052C 16911

Direct _olar Iw_=t 29,800 N/A >2.5 >3.5

all kg ail kq

Lunar _rblt 3C59 N/A 4955 7968

Lunar Impact 3250 S/* 5497 8840

*SP-IO0 Disposal Nail

Figure 3

Another attractive disposal option is 5

x GEO. The lifetime of this orbit is

much greater than one million years.

The DV requirements are moderate (3240

m/s) and the total vehicle mass is

modest (i0,252-16,487 kg).

Geostationary orbits are attractive from

a disposal perspective, but are much too

valuable to use for reactor disposal.

A circular solar orbit at 0.86 AU has

been shown by previous space waste

management studies as a very stable

solar orbit. This orbit has moderate

mass and DV requirements and would

represent essentially permanent

disposal. This disposal option does

require more analysis to answer

questions of reliability and timing of

the second burn required to circularize

the solar orbit a 0.86 AU.

Since an active lunar economy will

re,mire large amounts of nuclear power,

a very interesting disposal option is

either lunar orbit or lunar impact.

With modest DV and mass requirements (Pv

f£om 3059 to 3250 and masses from 4955

to 8840 kg), the ability to store spent

space reactors on the moon could allow

for a very cost effective method of

building up a power infrastructure.

There, "spent" spaw_ reactors still have
over 90% of their z_uU fuel intact and

could be recycled in g moon-based

nuclear fuel cycle. With no biosphere

or water, the moon could be an ideal

noclear waste disposal site.
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Transport/Clean,_iD

The key element for this phase of the

SIREN syste_ are a reliable orbital

transfer vehicle (OTV) and an acceptable

disposal site. Disposal sites are

discussed in a later sec:tion. The OTV

could be the previously discussed

capture vehicle itself, or separate. If

the capture veDicle, _i_n its suite of

sensors and telermbotic devices, were

also the OTV, each rescue would resul%

in the loss of an expensive rescue

vehicle as the reactor is sent off to

its disposal site. It will probably be

more cost effective to use separate OTVs

and capture vehicles (ORVs). As

discussed in the uisposal option_

section, the specific impulse of t_ze OTV

weighs heavily on disposal decisions.

Low specific impulse OTVs require large

propellant masses to achieve disposal of

SP-100 masse_ ,n some desirable location

such as the moon or 0.86 AU. High Isp'S
can make many more disposal options

practical. This study group will later

consider the utility of such high Isp

options as nuclear electric propulsibn,

solar electric propulsion, or nuclear

direct propulsion. The attractiveness

of such electric propulsion options is

that they can serve a dual function as a

cargo tug or general debris co_lector.

If the OTV is chemical, it could be

space-based, ground-based (launch on

de,_land), or ewentually lunar-based.

Nuclear propulsion systers would be

space-based.

Another important aspect of the

transpert/dispo_al/cleanup functional

area is the routes my which the OTV wi31

transport the nuclear cargo to its

disposal site. It seems clear that _ome

internatiJnal agreement is necessary t_

ensure safe passage of the reactor

through the orbits of existing

satellites. For example, close approach

to a vulnerable, unhardened

communications satelli_e mlght endanger

its function. Safe passage requires

detailed knowledge internationally of

all satellites and _heir orbits, as well

as any other planned manned activities

during the passage. This is especially

important for electric propulsion OTVs

that have significantly long passage

times to disposal sites.

PLANNED/_NTICIPATED SPAC E _FRASTRUCTURE

As discussed above project Siren

requires several technologies including

tracking and surveillance, teJerobotic

operations, grappling and capture

technologies, and orbital m=neuver anJ

transfer _ecnnolog_es. These

techno], xes will undergo evolutionary

development and deployment based _n the

advancing state o_ space technology.

However, the technologies required by a

S!REN concept either exist or can be

anticipated to be introduced with the

normal evolution of space technologies.

These is an existing capability to trac_

satellites and to determine their

orientation. Orbital Maneuvering

Vehicle (OMV) technology continues to

develop and with some modificatioD could

provide a first generation capability to

acquire a satellite and move it to a

more favorable orbit. This section

summarizes the state of the art for such

technologies.

Ground Based Survelllance and Tr@ckinq

The Space Surveillance Network consists

of a network of sensors, both radar and

optical, with the responsibility to

detect, track, and catalog man-made

objects in space Please see Figure 4.

The radars are used for detection and

tracking of objects in both low-earth

orbit (I_O) and geosynchro..ous orbit

(GEO). The optical &ystems such as the

Air Force Maul Optical Station (AMOS)

facility, located on the island of Maui,
Hawaii can be used for detection and

tracking of objects in high earth orbit

as well as to determine rough physical

characteristics (shape, orientation) of

objects in orbit.

F_gure 4
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Space B_ed___erati ons

The Space Station and its unique

supporting infrastructure (which

includes a permanent human presence in

space and leading edge space-based

robotics) could represent a powerful

complement to an operational Project

SIREN in the midterm (2000-2010) and in

the far-term (>2010).

The U.S. Space Station, called Freedom,

is important because it represents

emerging space-based operations. The

Station will become operational An the

late-1990's and will functior as a

research laboratory for some 20 to 30

years- that is, it will be an operatlrg

(permanently inhabited) space asset for
the United States well into the 21st

Century. A special effort is also being

made by NASA to better understand the

potential of the Space Station for

utilizing automation and robotics. For

example, a Flight Telerobotic Servicer

has been identified as an early

centerpiece in the Space Station

automation and robotics p_ogram. Space

Station experience could represent a

rich technical heritage with which to

endow the robotic space platform needs

of an oper@ting Project SIREN beyond the

year 2000. _

orbit_ Maneuvering and Satelk_t__e

C a_pture

A key technology requirement for a SIREN

concept is the transport vehicle needed

to rendezvous, inspect, capture and

transport the spacecraft to a disposal

destination. The successful capture,

maintenance and servicing of our

important space assets can rely o_ the

ongoing development of the Orbiting

Maneuvering Vehicle and the Space

Station. The Orbiting Maneuvering

%ehicle is a reusable, remotely

controlled free-flying vehicle capable

of performing a wide range of on-orbit

services in support of an orbitin_

spacecraft. Please see Figure 5. _'7

_a _REM_

F1gu;e 5

The development of a Tumbling Satellite

Retrieval System wil] further enhance

our ability to retrieve these space

assets, not only when retrieval is

planned, but also in an unplanned SIREN

mission where the retrieval system must

be able to adapt to the situation at

hand. With the Tumbling Satellite

Retrieval kit attached, the vehicle

would be able to recover satellites in

need of repair, maintenance, or

replenishment, to rendezvous with and

remove large space debris, to retrieve

space platform components that become

untethered; and conceivably to rescue an

untethered astronaut. An importaL]t

feature to the kit is that an object

does not require a standardized

attachment interface, any structurally

sound interface is sufficient. The

Orbital Maneuver Vehicle is under

development by NASA and scheduled for

flight testing in 1993. Simulations of

the Tumblinq Satellite Retrieval System

have demonstra_ed the ability to capture

tumbling satellites.

_pACE POLICY AND INTERNATIONAL

AGREEMENT_

One o_ the key issues addressed by the

SIREN team was the body of space law

that might apply to SIREN rescues or

space debris removal operations. The

experience with the COSMOS 954 clean up

pointed out clearly that a high level of

international cooperation was crucial to

a successful operation. Prior to any

reactor rescue effort the legal basis in

treaty and arguments must be established

to allow a successful operation. The

SIREN team has reviewed most of the

legal basis for SIREN from U.S. National

Space Policy to international treaties.

Results of this preliminary review are

summarized in this section.

On 5 January 1988 President Reagan

approved a revised national space policy

that has a profound effect on any

contemplated rescue system. This

directive was the result of a

interagency review that had as its

objective to "consolidate and update

Presidential guidance on U.S. space

activities to provide a broad policy

framework to guide U.S. space activities
well into the future. "8

While broad in nature, these goals do

provide the requisite foundation for

rescue activities as contemplated in

this study. It is crucial to note that

this Presidential Directive clearly

states that the "United States considers

the space _ystems of any Dation to be

national property with the right of

passage through and operati_,s in space

without interference. Purposeful

"ZlO
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interference with space systems shall be

viewed as an infringement on sovereign

rights." With regard to space reactor

rescue or debris cleanup, this policy

presents some challenging legal

questions as to the operation of such a

system.

The National Space Policy Directive also

states that all space sectors (civil,

commercial, and defense) will seek to

minimize the =r:_ion of space debris.

Space operations are directed "to
minimize or reduce accumulation of space

debris..." The concept of SIRE:: in its

broadest sense is the removal of space

objects to appropriate disposal sites

and as such directly supports the

Presidential Directive. Therefore, the

concept of SIREN appears to help

implement the space policies of the

United States. Any study considering

the intercept rescue and dispo_ai of

space object must consider carefully the

international agreements, treaties,

protocols and policies assocl_ted with

such activities.

In order to contemplate development of a

SIREN system one must insure that such

hardware rescues do not violate existing

international agreements. Drawinq on

the COSMOS 954 experiel_ce it is also

valid to know the exact status of such

agreements since international rescue

and reccvery efforts require that an

incre4ible amount of pre-coordxnation

and agreement be in place prior to

initiation of any such effort. Several

international agreements and treaties

are relevant to the SIREN concept

including: J

o Treaty Banning Nuclear Weapons

Test in the Atmosphere, in

Outer Space, and Under Water

[I0 October 1963].

o Treaty on Principles Governing

the Activities in the

Exploration and Use of Outer

Space, including the Moon and

Other Celestial Bodies

[I0 October 1967].

o The Agreement on the Rescue of

Astronauts, the Return of

Astronauts, and the Return of

Objects Launched into Outer

Space [I December 1968].
o The Convention on

International Liability for

Damage Caused by Space Objects

[9 October 1973].

o The Convention on the

Registration of Objects

Launched into Outer Spac_

[9 October 1973].

o The Agreement GoverniPg the

Activities oi S_ates on the

Moon and other Celestial

Bodies.

1986 International Atomic

Energy Agency Conventions on

Early Notification of a

Nuclear Accident and

Assistance in the case of a

Nuclear Accident or

Radiological Emergency.

In summary, the National Space Policy

and the general body of international

agreements and treaties gives general

support to the concept of space rescue

of m_c!ear reactors or other space

objects. Unanswered questions exist on

the permissions required prior to a

SIREN rescue. SIREN supports the goal

of minimizing or reducing space debris.

The National Space Policy does not

prohibit, and seems to lend, support to

the concept of SIREN.

_PACE pESRI S ;_AN_q__

The recent interagency _eport on orbital

debris for the Natioral Security Council

has described the growing dimensions of
the orbital debris environment and the

implications for future operations in

space. The interagency report concluded

that "left unchecked, the growth of

debris could substantially threaten the

safe and reliable operation of manned

and unmanned spacecralt in the next

century". It is therefcre important to

understand the implications of the space

debris environment on the design of

space power systems. It is also

interesting to note that one of the

options for minimizing debris generatlon

in this report is active removal

operations. The conceptual systems

described for large objects are similar

in many respects to the conceptual

systems developed for the SIREN mlssion.

The availability of systems for the

active removal of large space objects

would greatly facilitate the SIREN

mission. At the same time the systems

that might be developed for the disposal

of a space reactor system might be10
useful for a more general purpose.

As part of our SIREN investigations, we

have developed a model of the space

debris environment in order to gain an

understanding of the sensitivity to

uncertainties in the knowledge of the

space debris environment. In particular

we were interested in the value that

active debris removal concepts, such as

are being considered for SIREN missions,

might have on minimizing the

accumulation of artificial space debris.

We were interested in when active

removal operations might be expected and

therefore developed our space debris

model to examine in pa[ticular t_e

impact of active debris removal on

minimizing the space debris environment.
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Space Debris Model

Sources of Artificial Debris.

Artificial debris includes_ but is not

limited to operational _pacecraft,

inactive spacecraft, spent rocket

bodies, and fragments frDm operational

activities, explosions or collisions.

An obvious contributDr to the artificial

debris environment is the launching of

payloads into space. However, the

operation of placing a payload in a

desired orbit usually results im

additional debris generation, c_lled

operational debris. Operational debris

can consist large objects such am

parking or transfer stages, or sm._ller

objects frc,a stage separation or the

release of covers from sensitive sensor

windows.

A major contributor to the debris

environment is the fragmentation of

large orbiting satellites. During the

past twenty years there has been nearly

one explosion induced fragmentation

event every one to two years. "-_ In 1961

the explosion of a transit rocket

resulted in a fourfold increase in the

artificial debris environment. There

have been several fragmentations that

may have been the result1_f a

hypervelocity collision. _ During the

last ten years, the number of

fragmentations that have not been

identified as explosive or collision

induced occur at about two events per

year. The majority of the debris

cataloged by NORAD can De attributed to

past intentional and unintentional

fragmentation events.

The affect of atmospheric drag helps

remove debris from the near earth

environment, especially quickly for

objects w_th low ballistic coefficients.

During maximum sunspot activity, this

cleansing affect is strongly enhanced.

It is also possible for drag to

temporarily enhance the debris

population at a given altitude, by

bringing more debris down from higher

altitudes than is being removed to lower

altitudes. The precise affect of drag

on a particular region of space depends

roughly on its altitude and the debris

density gradient.

Other sources and sinks exist, but are

not considered to strongly affect the

population of debris that is about I cm

or larger.

Modellinq the Space Debris Environment.

The model developed predict the future

_azard to spacecraft by the space debris
environment utilizes several

phenomenological models that have been

developed by others to describe the

sources and sinks of debris were

employed. The organization of the model

is illustrated in F_g_re 6. The sources

considered are launches and their

associated operational d_brls, explosion

fragmentation debris, and co3]ision

f[agmentation debris. Of course the

contributions cf explosions and

collisions are in terr...s of numbers of

objects in various nize regimes, and do

not contribute t:> on orbit mass. The

natural slnk considered is atmospheric

drag. Removal options for end-of-life
removal were also considered.

SPACE DEBRIS MODEL

SPACE DEBRIS

ENYIRONMENT

F19ure 6

The overall approach of the model was tc

assume that all objects follow circular

orbits in 50km altitude Dins from 100km

altitude to 400km altitude. The density

is assumed to be uniform within the 50km

spherical shells. This is a reasonable

assumption for debris below about 200km

altitude. There is stronger latitudinal

dependence for debris above this

altitude. However, the higher altitudes

are not used in the averaging and

provide an upper boundary through which

some debris can be transported by

fragmentations near 2000km altitude

These would be rare events since the

density these is substantially reduced

as compared to around 1000km altitude.

Launches and Operational Debris were

modeled to be a constant source, or with

a percentage yearly increase. The size

of the operational debris can be varied

as well as the number of pieces in each

size group and their deposition

altitudes. The payloads were deposited

among the altitude bins in proportion to

the initial debris density distribution.

Explosions were assumed to be either

high intensity or low intensity with

about a 50:50 chance each. The low

intensity explosions were based on a

model developed by Su and Kessler. 12

The expression used for the number of

fragments that exceed the mass m is

1.71x10 "4 Mt; exp(-0.02056/m),

for m _ 1936gm

_(m) = (
8.66xi0 -4 Mt; exp(_0o05756J_),

for m < 1936gm
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where M t is the total ma.:5 of fragments.

This expression is normalized to the

total mass Mr, which may be less than

the mass of a satellite since some of

the materials may be vaporized by the

explosion or become vapor when exposed

to the vacuum of space. For high

irtensity explosion the following more

common e_re_sion was used

N(m) = N O exp[-c" _j

where N o = the total number ef fraqments

generated, and c is a constant. Typical

numbers fol N o and c are given by

Johnson and McKnight and range from 6921

to 33880 and .23 to .44, respectively.

Higher intensity explosions typically

result in larger values of N O and c.

The taking of any arbitrary value of the

constants fixes the total mass of the

fragments generated, therefore

additio. _i relationships were

implemented to ensure mass conservation.

They are

k 2 = c_ t

2

k I = k 2

2M t

N o = klM t

which for c = .23 to .44 gives values of

N O = C470 to 33880, for M t = 350kg.

Relating c to the inverse square root of

the total fragment mass is similar, in

principle, to the use of the shifted

mass formulation of the equation, but

this way insures mass conservation.

Mass conservation is important in future

collisional calculations since the

projected area of the satellite

population can be related to the mass,

and the mass is related to the total

mass and total number in a given size

group by mj = Mj/Nj.

Collisions were determined using a

kinetic theory of gas approach. The

average relative velocity was assumed to

be approximately 7 km/s and the average

collision velocity to be abo_t 10 km/s.

The average mass for each size group in

each altitude bin is used to determine

the aver&ge collisional cross sections

for each possible collision pair. The

projected area A for an object of mass M

is given by

A = (M/62) I/I'13

The collisional cross section for a

collision between two objects of sizes i

and j is given by

2 2

Sij = (A i + Aj_ I/2

Then the probability per unit time of a

collision also ter_.,ed the collision rate

at alt!tude band k is glven D¥

_i(k)D1(k)SijV(k), for i_j

wij(k ) = {

0.5"Di(k_Di_kJsliV_k), fo_ i=j

wh6re Di(k } _s the debrls density of

ob3ects of size i in the kth altitude

band a_d _!Ik) is the vc_lume of the

spher!uai snell that _onstitutes

altitude band k. The probebi!ity of a

cellis_cn between object i a_d j in e

time inte_lai t _s glven then by

Pij = wij (k}t

for a time interval short enough that

the collision rate wij ca,_ be considered
as a constant.

Dra G was calculated for the average

p_ojected area in each size group at

each altitude bin assuming that all the

objects are in _ircular orbit. The

atmospheric density model used is made

up of three density profiles. The

profiles were for seasonal and diunal

average conditions for sunspot minimum,

average, and maximum conditions.

The density in a given altitude band is

increased by the drag induced removal in

the altitude band above and reduced by

the drag induced loss of objects to the
altitude band below. Several

uncertainties are introduced throughout

the drag caic_lations. The transport of

objects by drag was not allowed to

exceed one altitude band. The effect of

drag over a single 50km altitude band

was calculated as a constant. And the

objects in a given band were assumed to

be in cirzular orbits. However, the_e

uncertainties aEfect the calculation the

most at the lowest altitude bands which

are not the most impcrtant for this

particular study.

The probability cf survival was

calculated as a functio11 of altitude fcr

three selected satellite sizes. For the

purpose of this study_ survlval implies

no collision by an object of ] cm or

larger. The probability of a satellite

with average projected area A i surviving

one year without a collision by an

object 1 cn, or larger is given by

Ps(lyr,Ai) = exp{ _ ]

_c(Ai)

where Tc(Ai) is the mean time collision
ti_e for collisions between the

satellite under consideration and object

greater than I cm in dia,.eter.

Model ReD_*_ts

Fiqure o_ Merit The _gure cf merit

t_at has been used in the iollowing
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results is t_e I yr survival probaDliity
_or a 10C.G m 2 satellite. Here we have

defined survival prcoabllity as the

probabillt:? that the sp_ce system does

net suffer a collision w!th another

object larger _hen 1 cm. We were

i_;terested in selectin G a figure of

me,it: which wou!J ailc_ comparisons of

cpt_ans for debris management. Although

th_ useful or expected lifetime for most

iauge satellzte_ is much longe_ than 1

year_ we found that (particularly in the

future) that the _ebr_s envLrGnment

_ight be changing significantly over the

expected lifetime of a space system.

For a specific system, the survival

probability can be estimated from the

statistical _ntegration o__ the ! yr

survival pr, _ab_i:t} over the lifetime

of the system. The assumption of a 1 cm

particle size appears to be a reasonable

estimate of the object size which would

cause catastrophic _amage to a space

system. The i009 m- cross section Js

arbitrary but is representative of a

large, and presumably expensive, space

a_set. (One of the solar panels on the

Freedom space station is approximately

I000 n2.) Figure ? sho%s She model

results for 1 year survival probability

as 4 function o£ altitude and time.

Zffect of time ol starting active

removal o_o_peratienn, figure 8 shows the

results of spvera! model calculations of

the effect of time of implementing

actzve removal. These results ale for

an altitude of 1075 km which is _,ear the

current maximum space deDr!s density.

For these _esults, the launch rate and

distribution was assu_-_d to remain

constant at 1_89 levui_. One

interesting result, wblcL _,as also been

obser_ed by others, is _hat the debris

hazard would continue to grow even Jf

space act.lvit!eD were to be ceased.

Tnls is due to the collisi_p or

deterioration of existing large objects

Jn space. At the othe[ extreme, if nc

action _s taken_ our model forecast ef

the debris environment shows that the

debris hazard would place a severe

constraint or_ the use of some regions of

space in less than ]00 >ears. The

intermediate curves show _he impact of

implementing an active _,ebris removal

pollcy. The debris removal were

Initiated immediately, the debris hazard

could be effectively limited to near
baseline ccn3itions. But even a I0 or

2C year delay would result IR

significant hazards to _uture space

_ctiv]t/.

Ef_e£:_t ef_./leEovai__ra,:igE= F_gure 9

sh<ws the effect o[ fraction of spat<:

objects iI_c]ude4 :_: tb= act_'ve removal

_[_'eratiens. T_ e su[_'i',_al probabilit'y i_._

5eer: to he a r<t)-onq function of the

_ra:.tien c,f ohm, cots removed. A detailed

e×amJn_:tion of the moce] results

explaire this strong correlation due to

the compounding effects of even a single

catastrophic breakup of a large space

object. This strong relation to removal

fraction suggests that active removal

would require international consensus

and should be ccmprehenslve.

ffect of limitinq_explosiens. The

importance of limiting explosions is

clearly shown in the results of o_Jr

model. Im the near term (0-50 years)

limiting explosions is relatively

important, although over the longer

range, collision_ with large space

objects is the most important

contributor to the increasing space

debris hazard. Please see figure I0.

Effect of level of space actsvity. The

increase in the space debris hazard is

also affected by the rate at which

additional numbers and mass of objects

are launched. Although the results

shown in the previous figures have

assumed that the number of launches

remains constant at 1989 levels, there

are a number of space programs and

missions which could result in increased

launch activity. Rather than attemptinq

to forecast specific mission needs, we

have examined the effect of launch rate

in concert with active removal of the 1

year survival probability figure of

merit. Figure ii compares three growth

scenarios that have been discussed in a

recent OTA report on future space

activities. The growth scenario_ are

r_::resented as low growth (3%), growth

(5%), and extended growth (7%). We have

also included a no growth scenario. The

extended growth scenario would

accommodate a mm]or new program such as

spz e station or strategic defense. The

elf ct of increasing launch activities

is to compress the time scale with the

relative effects ef removal, removal

fraction, and explosions remaining the

same.
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__Qncclusions

One objective of our investigations of

technologies for the rescue or end of

life disposal of space nuclear power

sources was to examine the value of the

technology to the larger issue of

minimizing space debris. To this

2urpose we were led to examine the value

of active removal as an option for

mitigating the space debris hazard. Our

results of Modeling and extrapolating

the space debris environment has shown

that active removal could be an

effective means to preserve the space

environment. We _ave not considered

whether active removal is a practical

option, althouqb our investigations of

SIREN technologies would indicate that

it is technically feasible.

If active r_moval is to be considered,

our model strongly suggests that it

shou]d be considered sooner rather than

later. The compounding effects of

phenomera contributing to the growth of

the space debris hazard suggest that

preventative solutions may be preferable

to remedial solutions for preserving the

space environment.

It is clear that the space debris hazard

to space operations is a global issue

and will require cooperation and

consensus of nations conducting space

operations. Control or elimination of

explosions, and active removal (or

another option of ccmp=rable effect)

should be globally and comprehensively

a_'plied.

Because of the compounding effects of

space debris qeneratzon, space programs

which introduce large nuiitoers ard mass

of space ob]ects to the space
environment should consider the

inevitable impact on future space

operations.

P_oJc/__L_L!_D_E_-PlRG_

Feasible technical solutions have been

identified for acquisition and disposal

functions necessary to achieve Project

S_REN objectives:

o Ground and space based

trackin 9

o Launch vehicles of needed

class

¢ Telerobotics

o Sensors

o Capture technologies

o Transport/disposal

Although no capabl!ity is in place today

to forestall the in,pending reentry of a

space _uciear power source, many

componemts for the necessary SIREN

inf;astructure exist or will exist as

part of the planned space

infras=ructure. What is needed in

addition to these technolcs4y components

is an integrated _tructure in which the

technologies ca_ be b_ought _o bear on

the issue of space debris management and

more specifically space reactIoD

disposal.

Fu_ctional and operational requirements

_or SIREN components will evolve in time

ba_ed on the evolution of the

requirements placed on S[RZN (e.g.

reactor population, transfer vehicle

technology, space debris density, etc.)

Long-lived disposal options are

available for space nuclear power

sources with existing state-of-the-art

transfer vehicle technology. Design

changes (such as designing so that the

radiator, power conversion system, and

payload can be easily separated from the

[eactor by telerobotic operationn) for

space _uclear power sources may improve

the cost effectzueness of SIREN but no

design changes are requir£d to enable a

rescue and disposal capability.

Cleanup of a reentered reactor re_Jires

complex coordination of many

international organizations. To effect

space rescGe, international er_angements

must be accomplished ahead of time.

Most agreemer,ts to date h_ve _een on

post-reentry recovery and operatlonal

constraints. Currently only the country

of origin can dispose of satellites

unless new international agreements are

negotiated. It ca_ be concluded,

however, that there exists_ body of

laws, treaties and agreements that forms

the basis for international cooperation
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for rescue and disposal of space nuclear

power sources.

fn summary, the requisite technologie_

for a SIREN capabillty either exist or

will evolve along with the space

technology fo_ satellite se_.'iclng and

maintenance_ and space debris

m_nagement. However the techn_logies

have not been integrated i:to a_

operational capability w_l_ch could be an

important adjunct for the _af_ty of

space nuclear power systems as _eli as

the _arger challenge of _;t:warc.ship of

the space environment.
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Abstrac_

The United State_ Space Command

(USSPACECOM] is a Unified Command of the

De_aztment of Defense with headquarters at

Peterson Air Force Base, Colorado Springs,

CO. One of the responsibilities of

USSPACECOM is to detect, track_ identify,

and maintain a catalog of all manmade

oo]ects in earth orbit. This satellite

catalog is the most imDortant tool for

space surveillance. The purpose of this

paper is threefold. First, to identify

why the command does the job of satellite

catalog maintenance. Second, to describe

what the satellite catalog is and how it

is maintained. Third, and finally, to

_dentify the questio,,s that must be

addressed if this command i_ to track

small space object debris_ This paper's

underlying rationale is to describe our

catalog maintenance services so that the

members of our community can use them w_th

assurance.

USSPACECOM Overview

USSPACECOM is a warfignting command.

It is authorized to employ forces in sup-

port of its missions. USSPACECOM exer-

cises combatant command of its assigned

space forces by assigning tasks,

designatxng ob3ectives, and providing

direction. A summacy of the USSPACECOM

miss lon, taken from the Unified coma_nd

Plan, is presented below:

- Space operatlons to :nclude space

control and space support.

- Integrated warning for North

American Aerospace Defense Comman_

and other Unlfle4 and Speci£1ed

Cov_anas.

- Planning for event'aal operation of

the Balll&tlc Missile Defen_e

system.

Space _urveiliance is important to all

three _SPACECOM missioD_. However, it is

actually a subtask of the space operations

_isslo_ ___ed space control.

Space con=rol Is US3PACECOM's warfighting

ml3&lgn. Space control _s analogous to

_ea contr_l. I=s goal is _o achieve

_uQer_ori_y in tho_e areas of space vlta!

to U.5. national interest Through the

space control functlon, USSPACECOM ensures

access to space, trac<_ OD3eC_S Ln space,

protects U.S. and allied space-related

as_e_s, and ,,_en dlrec_ed, negates hostile

_nace-related forces.6

Tt,_$pa_r :sd_lar_ a work of t_ U 50overnrnen[ and
,s _( Su_ItTt tO _Op_cllhl FOl_tlOt_ _n lh( _l_lte4 Sla:.

Before _e discuss how space surveillanc_

supports space control, let's take a

closer look at the forces that USSPACECOM

uses for space surveillance.

USSPACECOM is also a unified command

staffed Dy personnel from the Army, Marine

Corps, Navy, and Air Force. It has three

component commands: Army Space Command

(USARSPACE), Naval Space COmmand

(NAVSPACECOM), and Air Force Space Cos,mend

(KFSPACECOM). Each component space com-

mand operates the space-related systems

assigned to USSPACECOM by the Joint Staff.

Each component is also responsible tc

organize, train, equip, and administer

those assets that are assigned to

USSPACECOM in order to accomplish its

mission. The forces that the component

commands provide for USSPACECOM space sur-

veillance are described below.

USARSPACE ContriDution

The USA_SPACE is headquartered in

Colorado Springs, CO. USARSPACE admin-

isters _ha agreement for and provides the

funding for two space su_vei!lance sen-

sors contributing to the USSPACECOM

satellite catalog. These sensors are

called ARPA-Linco!n Tracking and

Identification Radar (ALTAIR) and the

ARPA-L_ncoln Coherent Observables Radar

(ALCOR_. These two r_dars are part of the

missile range at U.S. Army Kwajaleln Atoll,

commanded Dy the U.S. Army Strategic

Defense Co_and, Huntsg_lle: AL.

NAVSPACECOM Contribution

NAVSPACECO¥ is headquartered in

Dahl@ren, VA. it provides the oldest

space survelllance system still _n use,

the Naval Space Survelllance System

(NAVSPASUR) Yence. This sensor creates an

electronic barrier across the southern

';h_ted Slates at approximately 33 oegrees

North latitude, its three transmitters

and _Ix recezver_ provlde coverage to an

altltude o_ 15,000 n_utlcal mile_ Th£

sensor headquarters also serves as the

Alternate Cp_.ce 5urve_llance Cen=er. Tni3

center Daces up the primary USSPACECOM

center ,_thl _ Cheyenne Mountain AFB.

AFS_ACECOM Contributlon

AFSPACECOM _s the largest and ol/est

of the service components o_ :JSSPACECOM.

AFSPACECC)M, headquartered at Paterson AFB,

prov_de_ twenty-f- "e worldwide _ztes to

USSFACECOM to support space surve_ lance.
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USSPACECOM Surveillance Mission

S_ace surveillance is the first and

most es_entiai task. Tt includes

oetectlng objects as they enter space,

detectlng events caused by ob3ects in

space as they occur, and confirming that

an object has departed space. Space sur-

veillance is thu_ essentlal to control of

space, without accurate surveillance,

efforts at assessment an_ warning, protec-

tion, and negation would be futile.

Space sorveillance tasking is direc[ed Dy

the USSPACECOM Space Surveillance Center

(SSC). The SSC performs space sur-

veillance using both a space-based

constellation of geosychronous launch

detection sensors an4 a ground-based net-

work of sensors. The SSC uses this set of

sensors to detect and track launches when

they enter space. Once the launch is

tracked, the SSC can enter information

about the launch into the satellite cats _

log. The catalog enables USSPACECOM to

predict possible collisions between

satellites in earth oroit. In addition,

_he catalog allows the command _o predict

when objects will start to reenter the

earth's atmosphere from space. Then, the

SSC tasks the ground-based sensors to

collect more tracMing data on the ree_-

terinq objec_ to be[ter determine when and

where it will fall onto the earth.

To summarize, USSPACECOM maintains the

satellite catalog because it is essential

to space control operatlons. Actually,

the principle of maintaining it is simple.

The SSC tasks the space surveillance net-

wurk _o use t_e satellite catalog to track

satellites. The SSC then ta_es the obsel-

vatlons and updates the satel31ce catalog.

However, the actual processes for main-

raining the catalog are not so simple.

Thus, this paper will next describe whet

the satellite catalog is and then how

things get into it.

what is a Satellite Catalog_

Tne 3atellite catalog includes a dana-

Daze that _s ased to chart the current

position of eartn-orD:tlng satell_tes and

predict thelr f_ture orbit paths. The

center's catalog dates back to 1957, when

the Sovlet Union openeo the space age with

the launch of 5putni_ I. More than 7,000

objects remain in orbit. These c o3ect_

range in size from the smallest r_easurlng

ten centlmetecs and welghlng a few grams

to pa/loads me_surlng tens or meters and

_eigh_ng several tons.

The most com_nonl_ p_Dlisned sateilxte

catalog contains tw_ types of informatlon.

First, it conta&ns a_mln_stra_ive data on

earn man-made o:_]ect in orbit. Second, It

:onta_:s the Da_c orDitai parameters on

each oe3ect in orbit. Technically, we may

(no_ an oDject's ornltal parameters b,lt

non have enough administrative data to

enter _t l;_to tne catalog.

The adminiatratige information maintained

in the satellite catalog includes the

following data: the SSC n_mber, satellite

common name, internationai designator,

owner source, launch date, launch site,

_nd decay data (_hen appropriate). (See

Figure i)

The SSC number is assigned sequentially by

the SSC as the objects attain orbit and

have a current element _et. For example,

the oldest object in orbit is satellite

number 0005, Vanguard I, a payload,

launcheo from Air Force Eastern Test Range

on March 17, 1958.

The satellite common name, launch site,

and launch date is as stated by the owner

when the launch is announced.

The international designator is registra-

tion information required by the United

Nations. The rationale for this registra-

tion is provide(] for by the "Conventior on

Registration of Objects Launched into

Outer Space', effective in 1975. All

nations are require(] to register every

object that they put into orbit, primarily

for assignment of responsibility.

The international designator contains year

of launch and number of the launch that

year, on a worldwide basis. The final

suffix uniquely and sequentially defines

each object put in orbit by that launch.

The SSC uses the following conventions to

assign object suffixes. The suffix "A" is

always reserved for the primary object of

a launch. Then, suffixes are assigned by

a combination of availability of element

sets and Importance of the object, usually

Fayload, rouKet body, and then debris.

(See Figure 2)

The summary of oasic orbital parameters on

each object i_ current as of the date that

the catalog was generated. These basic

orblta_ p_rameters are taken from the S_C

satellzte element set database.

The SSC actually uses several forms of

satellite element set. The most co nmonly

used form Is t!-e "t_o-card" element _et.

Th_ form of satellite element set is

described in two 80-character data lines.

It is a mean, general perturbations ele-

ment set using modlfied Keplerlan ele-

ments, including: epoch time, drag terms,

_nclinatlon, right aszenslon of the

ascending node, eccentricity, arg._ment of

perigee, mean aeomal_, and mean motion in

_evolutions per day. _ _h_s mean twG-card

ele. ent set is used with ou ep_ermer_s

o:ediction package to generate predictions

on the sat_il_te's location. _or a v_3ual

explanation of "mean" versus _osculat_ng".

(See F_gu_e 3) A mean oro_t Is the

mathematically smoothed Jescrlption of the

oro_t. An oscu!at_ng orblt represents the

actual orbit of t_e satell_te as it is

acted on Dy natural forces. I
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FIGURE 2. Precedence for AssiqnLqn_ Inte=n_t_onal Des_=nators
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ENemple of • Mean
Element Set

EHempiQ oi en

Osculeting
[leman! Set

FIGUR_ 3. Distinction _etween Mean and Osculatinq OrDits

The structure and content of the SSC

satellite catalog, is significant to the

user. First, the catalog includes both
administrative and satellite element set

ln£ormation. Second_ the only objects

listed in the SSC catalog are those that

have both an element set and a ccrrela'_on

to a launch. We are required to protect

the distribution of our catalog foz the

following reason. Sometimes we h_ve

information on a launch _hat may n_t be

conflrmed by the satellite owner. We

respect the confidentiality of a satel_ite

o_ner's decislon to not release this

information.

How Do Th_ngs Get into the Catalog?

Sensors :hat support the space sur-

veillance mis,ion are located around the

world. Today, some twenty-six sensor

systems make up the USSPACECOM space sur-

veillance network. Figure 4 depicts the

low-altitude coverage provided by our

space surveillance sensors at 100nm above

the earth. Typically, th_s network

coverage provides 40,000 observations

dally. The dashed li_e shows a typical

Soviet sa_ellite orbit trace for satelli-

tes launched from the Soviet Union.

FIGURE 4. Low Alt_tude Ground-ba_ed Space Survelliance
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The most essential step in spa=e su_-

veil!ante _s to detect man-made o_jects

during launch, before they enter 5pace.

Thls is the most common way that objects

are found and entere4 into the satellite

catalog.

Space launches are . itially detected

before they enter :pace by the Satellite

Early Warning System, a constellation of

satellites in geosFnchronous orbit.

With initial launch detectlon information,

the ground-based sensor netwoc_ is

directed by the $SC to locate the new

launch and all of its pieces. The sensor

tracking data is then used to update the

SSC element set database. When the ele-

ment sets are associated with the launch

event, the launched objects are cataloged.

another significant way for objects to

enter the catalog is when a satellite

breaks up into many smaller pieces. When

an object Drea_s up, the cloud of pieces

is often found by the large search pat-

terns maintained by certain ground-based

sensors. Sensors such as NAVSPASUR,

Eglin, and Ca_aiier Keep large search fen-

ces up at all times. Administratively,

the largest piece of the breakup maintains

the satellite catalog name 9iron when the

object was initially correlated to a

launch. The rest of the pieces are cata-

loged with new international designator

suffixes, beginning froz the last cata-

loged piece of the launch_

Satellites no lonqer in space are logged

_n the satellite catalog as "decayed'. A

decayed satellite is one whlch reenters

_h& earth's atmosphere; thus, it is no

longer in orbit.

Presently, man-maOe objects reenter from

Orbl_ on the ave:age of more than one per

day. Of these, over 95% are so small that

uney break up and ourn up in the earth's

atmospnere. Those that might survlve

reentry are monitored in a program called

TracKing and Impact Prediction (TIP).

Many factor_ make _t difficult to preci-

seif pred :t _here and when a satellite

will decay. There are two important fac-

tors to mention. The firot one is the

fact of atmo_pherlc reentry: the com-

oination of atmospnerlc drag and unlque

physlcal character]silo of _he Do]err

slgnl[icantly influences both the speed

and coarse of an object's decay. The

&econo Dee is that our sensor network, due

_o sensor coverage limits, cannot maintain

continuous track on such objects d_rlng

their lecay phase. Thus. dependl:,g on the

tithe of the last trac_ (fro_ ]J_t no- [o

[hree nouns ago) the ground area or the

reentry predlctzon coL_id be from i00 to

I000 mlies long. Hzstorlcallf, 95 out ot

i_0 objects have decayed ,lthln the pre-

dlcted "confidence window", which has an

error of plus or minus 20% of the time

from the last obseroatlon to the predicted

decay time.

What Questions Must be Answered if

USSFACECOM _s to Track Small Ob2eets?

_resent_y, USSPACECOM is not required

to trac_ az,d maintain orbit predictions on

small debris (objects less than I0 cm*.

in additiun, the _xtent of this potential

small debris requirement is not yet

defined. However, if USSPACECOM is going

to be taskede the_e are five questions

that must be addressed. Each of _hese

que_tlons are explained below.

First:

Second:

Third:

Fourth:

Fifth:

Aren't all satellite element

sets alike? 7

How is a sensor tracking

observation correlated to an

element set?

Why won't a single track
observation build a satellite

element set? 2

Aren't there lots of sensors

available to track small

space debris? 9

Aren't there lots of com-

puters and communications

lines available to perform

small debris tracking com-

putations?

Aren't All Satellite Element Sets Alike?

Actually, the SSC uses several forms

of element sets. The first one described

_as the SSC two-card element set. This

form is an analyt_cally derived mean ele-

ment set. (See Figure ]) _he other com-

mon SSC element set is a numerically

derived speclal perturbations vector or

"XYZ" vector. This vector is an oscu-

lating representation of an object's

orbit. Thus, these two forms of element

set cannot'directly replace one another. 7

This issue gets even more comple,.

Depending on the application, different

descriptions of the _orces on an orbiting

object are included in the element set.

For example, near-earth perturbations are

different from those experlenced in deep

space. Near-earth orblts have more

atmospheric drag effects cnan geosyncnro-

nous deep-_pace orblrs. Therefore,

de?ending on the raqul£ements of their

sa=elll=e orbits, other agencies have

developed their o,n element set fo£ms.

For exam,!e, SSC routinely provides vec-

tors in forms u_ed by Onizuka AFB, CA anJ

:_AS_ Coddard, MD :or satellite control.

S_C al_o services six other aser coor-

dinate systems in non-real time. 4

The bottom line to yo_, as a _ser, _s that

any element set is not necessarily uq_va-

lent to any other element set.

Fortunately, we are in the posit_on of

providing bot_ e]ement sets and ioo_ angle
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prediction software to authorized _gen-

cies. As a word of caution, if we are

presented with a request using a form of

an element set _at is not De used by our

system, we may not D- able to support that

request.

how _s A Sensor Track_n_ Observation
Correlated to a Satellite Element Set?

The SS_ satell_te element set database

provide_ the location of all trackable

objects _n erDi_ around the earth. This

database I_ used to generate predicted

look angle data for comparison to actual

track data. If the trac_ data compares

very closely, then the object is con-

sidered "correlated". If the object does

not correlate, then it is an "uncorrelated

target {UCT)=. If all objects in earth

orbit have current element sets (and thus

are correlated), then a UCT is probably

=xed to a significant space event. Thus,

another good reason for maintaining the

satellite catalog is to allow our sensor

network to detect new uncorrelated objects

rapidly and easily.

Correlation is _erformed both by the sen-

sets and the SSC. Unfortunately, we have

a problem. Few Of our sites use the same

correlation method as the SSC. SSC corre--

lation compares the predicted satellite

orbit to the observed orbit represented by

a sensor's tr_ck observations. (See

Figure 5) The 3ensors, in particular the

older ones, use a variation of comparing

tnexr tracking parameters of time, azi-

muth, elevatlon, and sometimes range, to

the Qredlcted satellite orDit.

Tie SSC and sensor methods are obviousiy

not identical. However, until recently,

they were close enough. Close enough,

that is, until sany phased array radars

came along. A phased array can very

easily transmit more than 10,000 obser-

vations per day. Given this new capacity

trom many phased arrays, even a very low

UCT rate from network sensors can have a

measurable impact on the SSC computational

process.

Our experience is that this correlation

problem is significant. Any organization

desiring to cor_trlbute observations to the

SSC database maintenance process must

either use our code or design a process

with identical results. Fortunately, the

SSC correlation code is neither complex

nor larg_. The near-earth algorithm is

216 lines of FORTRAN cede. The deep-space

code consists of 400 lines of FORTRAN

code. Thus, a sensoz that has both near-

earth and deep-space tracking capability

only requires space for 616 lines of code.

Organizations desiring to contribute

observations to t_e SSC database are

welcome to request our code. 1

Wh_ Won't A Single Track Observation
Build A Satellite Element Set?

From our historxc experience in

tracking UCTs, we know that a roughly five

minute track on a near-earth object from a

single site will produce an element se_

good for several revolutions. After that

time, new observations are needed. Given

5nat this 5 mlnute track length on a 90

minute orbit provides a oasic element set,

Predicted

O_bit

/

.. At
--/../'.,"-

J__ Act_/al

55C C_rrelation

13
a,_? _.'ec c:ed [. are-_

L3k. ,-<,=,: : .....

=e'..'.e:- :; ar_=.

S'te Corre!ation

(I L,"e-e_-e _ e e..._,. :-.

RZ _,"e'er_ e " -'Z_'.:"

FIGURE 5. Comparison of SSC and Certain Sensor Correlation Methods

i
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our rule Gf thumb is that the initial

track length on a UCT must be about 5.51

of the orbit period. This rule provides

:he appropriate tra=k length as a function

of period in Table 1 below_

OBJECT PERIOD

(Minutes)

TRACK LF_{GTH

(Minutes

90 5

I00 5.6

250 1.3.9

300 16.6

500 27.8

800 44.4

TABLE I. Track Len_:h as a Function of

Object Period

Track length is significant to you as a

user for the following reasons. First,

this track length procedure is generally

used for estaDllshing an element set on a

new object. Once we have established a

new element set, our concern becomes

getting samples of observations from other

parts of the orbit plane. Once this is

done, the object's element set can be

maintained with a relatively small sample

of observations. In su_Bary, element sets

on small debris are going to need not one

observation, but a sample of a certain

track length as a function of their orbit

period.

Aren't There Lots of Ground-eased Sensors

Available to Track SmaLl Space Debris?

The network used by the SSC uses

several types of sensors including mecha-

nical tracking radars, tracking tele-

scopes, and phased array radars.

(Table 2 lists our groand-based sensor

capab1!itles.) The capability of sensors

to track zs a flxeu function of thelr

total sensor tracklng opportunities.

For example, mechanical tracklng radars

generally have only on= tracking beam.

A!-o they generally do not have the

iDherent capam111ty to trac_ ob3ects

smaller :han 10 cm. In addztlon, these

sensor_ have no extra t_me to track other

Do:errs such _s small debris. They are

primarily _sed to track n_h priority

oD3ects as payloads and rocket bodies.

ThuS, =nese sensor_ have limited tzac&ing

opQortunlt_es to trac_ small space
deorz_.

The trac(]ng telescopes aide functxona!]y

:Tare a slngle object tracking capab_!ity.

Depending on reflec_ivlty of the ob]ect

and slte weather, telescopes can trac_

5mali deDrls. However, they act_ally have

no extra tlme to track ocher ob3ect_ SUCh

as small deDrls. ?hey are pr_mar1[y used

to trac_ deep space ob3ects add perform

periodic deep space searches, indeed, the

ce_mand _as further requlrements _or tw_

more d_sp space tracklng sensors.

The phased arrays functionally nave more

than one tr_cking beam and thus inherently

could be used to track more objects.

_owever, only a few ha_e the inherent

cap_biiity to support tracking o_jects

less than 10 cm. The sensors that could

support include the radars at Cavalier and

Eglin-

The bottom line is this. If the catalog

douOles, there a_e few sensors that will

have available track:ng opportunities to

handle this. One would expect that _he

phased arrays of the existing SSC network

should be able to handle it. However, if

the catalog increases on the order of ten-

fold, then new tracking sensors will pro-

bably be raqui_e_.

Aren't There Lets of Computers and
Communications Line& Available te Perf0rm

Small Debris T_a6kin__Com_utatio_n_s_?

The current SSC satellite element set

database includes nearly _,000 Dejects in

earth orbit. The present SSC system

(427M) processes up to 40,000 observations

per day. The new SPAOOC 4B, due _n summer

1991, will not be able to provide signifi-

cant support to 427M for catalog main-

tenance. SPADOC 4C, due in mid 1995, is

intended to greatly improve catalog main-

tenance capabilities, It is planned

currently to procesm about 150,000 obser-

vations per day.

Satellite element sets are maintained by

sequentially compari_,g the differences

between the p_edicted element set location

and sensor observations of the actual

position. This process, called

"differential correchion', requires fast

scientific computer number crunching power

-- not a database configured computer.

As the numbers o£ objects increase in the

database, then the need tot more speed

and/or distributed scientizic computer

power rlses in the SSC.

Prediction of likely collis_on oppcr-

tunitles is performed by comparing the

current element set of one ob3ect to all

objects wltnzn its possible orD_t path. 7

This process also requires a sc_entlfic

computer, but not necessarily as powerful

as the one required above. Note that th_s

requirement impacts both the SSC and any

users desirlng to do their ewn pred_c-

tlOnS.

Th_ loads on the communlcat_ons system

connecting the 5SC and the sensors _

routinely quite high. Double the size of

the catalog and the communications 3ystem

ma_ not be able to pa3s t_e amo_r_t of

ooservations required to maintain that

douoled satell_te catalog. Fhe com-

munications p_pes may not De large eno4gn
to handle that flow.
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SYSTEM

_LCOR

ALTAIR

PPO-14

FPC-15

FPs-g2

HAYSTACK

COBRA DANE

FPS-85

FPS-49

NAVSPASUR

FPQ-14

MILLSTONE

FPS-79

PAVE PAWS

PARCS

$AIPAN

SPA.R

AMOS

GEODSS

MOTIF

SI_U

LOCATION SENSCR TYPE

Kwajalein C Band

Atoll

KwaJalein UHF/VHF

Atoll

Antiqua lls C Ba_d

Ascension l!s C Band

Clear, AK UFH

Millstone X Band

Hill_ MA

Shemya lls L Band

Eglin, FL UHF

Pylingdales. UHF

England

Dahlgren, VA

Kaena Point, HI

Mzllston_

Hill, MA

Pirinclik, UHF

Turkey

Cape Cod, M_ UHF

Beale, CA

Robins, GA

Eldorado, TX

Cavaller, ND UHF

Saipan lls C Band

Thule AFB,

Greenland

Maul, HI

Socorro, NM

Taegu, Korea

Maul, HI

D_ego Garcia

Maul, H_

_t Margarec_

Canada

Continuous Wave

C Band

L Band

ELECTRO-OPTICAL

RANGE (KM)

5555 KS

40000 KS

2300 K_

1600 KS

5555 KM

35000 KS

5555 KM

5555 KS

8100 KS

la00 KS

35000 KS

4300 KM

5555 KS

3200 KM

2500 KI_

5555 KM

visible, LWIR 35000 KM

Vl_iD3e 35000 KM

Visible, /.air 35000 _M

Vzsible 35000 KM

TABLE 2. USSPACEC[._I Gro_nd-Da$ed Sensor C___ap.aD_iities

SMALL DEBRIS

CAPABILITY
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The bottom line for computers and com-

munications lines is t_at we may be able

to handle a doubling of =he satellite

catalog. If larger numbers of objects

must Oe zHL_a,ned, _ore scientlfic com-

puter powe_ and larger couun_cations

p_pes most _cobab!y must o_ obtained.

Conclusion

USSPACECOM is not presently ta_ked to

track small debris. If w_ are tas_ed:

depending cn t!_e size of the resulting

requirement, L_ore sensors, ccmmunlcations

lines, and computers ma_ be requlred. If

more software and hardware ls required,

then the lead times for procurement and

installation of sucd items should be con-

sidered.

I°

2°

3.

4.

5o

6.
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ORBITAL OEBRIR DETECTIOR: TECHN|QUF._ & iSSUE_

NlChOla._ L John|Ion °

O_id J. Nauer"

TeV,_yr_ Brcwrt Enq!neertng
C/jlorado Springs, Co{o,-ado

.TPe p'm_ary cilia sources for _."_yses of m_ mx_a_-

_!.et_O F._i._Jlal_on is four_ to; be le:,_ th_n _,?tJ w_Ih

pop,j"_'Eton _triDt_lon _.r_ sDaba! jenstt,/c.a ;:_J_J_J;'_
c_ r,Ol acJe_ste_y _.,¢._1"1I tO: _E_SJ3_$e defw_si_es.

Ra(_ar Cross-.Sect,_n {RCS/ C_taw_,. Rad_,- _-'os_-

sec_n__: ,Saia are subject h: many i,'ffbences wh_
may result in s_ze _m,_t._ errors _f an orde; ot mag-.
nffu_e or _=_._e. The ¢,.'bita! r,rfatime cJ LEO satelPle

Cl_x.i$ h_ often Ir)aen ove;-est_r'_l_Cl a.$ a re,,;uIi of

_lst;c c,oetr_er_ assump_cr¢ a,'_ fauk_,'_ _ mode!
m;,'_.sOh_,,_c va,-_afJonswtth s_Jff.w_enl0et._L IndlivlOu_l

,_enscrs of the U,S. S_ Survedlarr..e Netwo_ can

,_jr_tanba;ly .¢_?e Ir:lorm_,k>n on _,_tel_e
number_ arx:J c-_eflst._ lh_n the r,etwo_ as
whoie.

Pnm_ Satet_te Data _Jrc_s

"l_e cniy source of oompret,.ens_ve s_!el@le tra@dng

_ata i_: th_ Ur_:ed, Sta:es i_ lh_ Space Surveillanc.e
Network (SSN) wh_..h SUl:X:x_rtsU,S. S_:_K',OC,omn'tan0's

Sp_ce ou ethar,ce Canter (SSC_ = the Cheyenr_
MourUaJn AFB, C_r_Oo and the Alternate Space
_urvei;:ance Center (ASSC) at Heac_uaJle_s. Nav_

Space Conr,rr_r_l, Dahag:en, Vltgi_a. These d_ataare
notma!!y d_sldbuted to the civi,_aP.COn_u_ _4a ih(}
NASA Goddard Space FiiGh!Cemer, Greer¢:_It, Mary-

Processed SSN ,dat_ at U.S. Space Comrr, m_ are

avaJir,J:_ In two pr_.maty form.'_;s: _e S_tel_ite _le and
me Satei_to Ca,%K>g. l'he ,'ypes of data _ovhm_J by
each of th¢se doc_jments ts surnrna,.'tzt_ in Table 1.
The Satel_ie _ie c_,'_alns the most c=,,trer_ od_'tal

e_m,_':x Gala foro ac,'_Ea,'ln s_tefl_t.mwru_e me Sata_/i1,¢

Ca_a_>g is an h;=-'tcncal, e."_ r5 o_ :'-.qcataloged satellite3
since 1957 v_h", limileJ o_bi!z! d_!a. Sateill!e ._te

" ,a_--_viso_ SOer,t_:;t, A_,r,oc.ate Fei;ow AI/.,,A

• " oflncjpal Systert_ Ana_ysi

whJc_ are being _'a_ke_,but w_ich h_.v_r_! 'y_ _,e-n

k:larv_,_edand th_,_o_ a,'e aw_r_g _c,m'-aJc:_a_,. ;_
a:'_ rr,:ai_aLr_x_ tp, a sect;on ,,_ the Y_t¢:_e f_e _e,_

_'eferred tO as _he P_vic_ion_J Cata'og. a_Jy_ ._.-_le_.
ties or the 8X.XXX _#ncs. The i3_ .e(ers lo _r,_

the Fie_ F_, Ur_lates le nr-_ e!_rne_ t_,_ oc_.,r

auP.om._.Lc,_ de:,_ndlng upor, ;he a_"_. r_;_, d _he

_a. tt Is po _t._=_to_ _he G:x_da,_i is!,=ngs _ _on
lhe Re_ Fi_, to h_e _Mer cL_!at_n ma_ntair_._:_ _; LhO

opera_ona! _teiWte Fi_.

::_T__

menls. V@,en _.nc,_j_<_ is oe:e¢1,,z.5 ar_ -:rzc_s_. H.._
or0¢ta!e,em_nt_ sre co,."r¢_rs_ withthe 5el'_o_'_._IteL

Ire P,te (FigL, re _},I', the se,-,_<,: c_n co.mela!e the {ra_
of obse_aiV_,ns w_h an exl_Jn9 s_el_le: th31 tra_ is

e,g, lot _ _n_ver_J satet_!_ c>?an ob_e_ re_eas_C

lhe ,SSC as an Ur,_3.orr_talod_°ar_ (UCT}. Sorr_

UCTs ortgtnate clu_ I_ i:>oor,.sua_Iy o_servat_om'd _,_a,
OulSzte_ e_eme_ $_s inthe sen-sotd._a_base, Ir=_rn-

so..'_warecorrelation Oo_s not oc,_jt

The SSC 427M co rr'ou!er __ySh',,m wiil re-exan'_r_ me

UCT t¢ven_ ihai lhe cbje.-'J tS n_3! ;Irea_y Cal,_.C
AJ_hOUOh lt_i_ F..;_>Ce_ •. ;S O,_tV _UC_'eSSfU_ SOP".4_ _S.cJl-

vaPon_ will rer_air, uncorrelate3 _rv_, w_i _e fotwa_J_..
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AP._ysts perforrii_'_ satelile collision ,_z_ (_m-
pu'_:_'_ and evWua_in_ It_n g_ trends

not _ tt_ nurr_l)erallo_ inE_, _ b_1
I_,eir respeclive orbils. De_ _nair_gupon h"_ t,/_

_Lndfa:_l_,oti_c,¢tnalx_O_raC. e_b.e: t_e _eL,r'te
Hie or _e Sateiiie C,al_ may I_ ,_rr_l_y_. How-

_.n_t eccur_tere_4_

dlst.,'_ _ _g)_l_Jclens_i_s,a_mer_$ must
be m_e f_r 'n-c_L_ s_te_'_ with no e_ set

.e'_le_ a_ w_._ __ er_rles and _ _ In
the _visier_J _or"aon _ tl'_e S_tel_te F!.le,I_ the !
._,,t_aty I_90 Sae_te _1_, 331 s_et_tesl_J.tDot1_t_

!r, otl_l {'_m _=_ LT_taiiteC=a_..,g] h=ve m_efede,s
_L AJ_not_ abe,re, 3i of t_es_ I_v_ pm_b;'?,

_ed,. The ren'_nir_,: _00 falt _,_otn,ee c_ego_es
tatheSa_¢_e C.._k_: !1) "No C,u:,enl Ek,_,nt_', {2)

in-orb_ _eli_ _x wi_, o+_t_ c_,ta am _ _e,eas-
ab_. Son_ tec_nl c-._doglr_l actio,,,; na,,._ ,_o_te,/
tb_ co_mm_on.

n¢1;x'e_er_a r=_rta_pe_._et_age o_tP_ 3,470 ;ot_ c.e._a-

_e_ po_latk_, the o,,'r_s_oru__n have _-"mdtc_n_
etlec_ cn ce.'!_n o_ta, l r_gi_x_c.21culallon_:or
ex_'m._e, _,,the _tox_a:s_y 3_5 pay_,_ gnow_., to

be_n ,oLaoecAtn no_.%_t_geo_nchrono_ o_tt_,
40 m_ I0_Iit_ elen_,"As _Lre ,'totav_Jl_ foran

_a,:_O_.f 2tL _ re_reS_'_ more War 2'7% Of the

be c,_n._sterJty tra_.il and n',_.!.nt_,_e_by t_¢ _resent
SS_
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Ussrs o4the c_k>;;_ S_tel_e F;_ n'_s_ _lso de>_...-l_
,how tO aCOOU_ fu, b'he 168 ¢iemec_ _ets v_1"dchare

,,,or_ t==n 30 _ old. A_ I_,e',o,Jsly tr_jt-.al,_d.

a,_:_n'_ate_ _ _ the--..ac__,ct.,_have pr,/_ de-

caye<1 For th_ cthu: _eflrt_ an,e_n"_ie o_ _,ne

_,_',?i;;_e File !s aide :o ,')e _, _¢t. ele_r,t set, .'?,ruSt

e;.arr_,:ea _,-'_-_euar.-y. Onhf aboul C_% of the

epoch, b',-,_paqat_rq the e_emem set_ to the r_-s_re_
urr,e. S_,.ln p_.,pagatior'.s sho_ _r,nh_ _e perfo.,-rm_
_th _o_wa-_ c_m_._,iL'_e _i_ the S.SC theod,_s

_ec_r_,_e_ which ger_r_ed th,e element sets. Serv'_s

p,-op_m'_on errom tr_y oLhetw!_,e arise. For elm"ner_
sets wi_h el-"o_ _r=om than 30 d_ old, indivi_a;

a_em_n =s raq',._l bec,_,_e mean o_bi_ptopag_,to_
_:_ie r _ &_/s_f_r e_reme tna_c_moes beyond 30 dg_. -.

Lo,,,er fldeii_,e_J.n'_tesof pO_J_tion (Js_dbt/_rt_

a_,d _C_,_-_a'de,'_rties can be 3edorm_d c:_ng oniy the

£atelfit_ Cata_ _iowever, no _qen_ informabon is
-_t_fe c:_.tr,_Z30 ,_=ez]P.es_, no eiemerrts ('I_

Cu:re._,.E]eme_s" _ "_- Etement_ Avali&ble") or on

the 101 _ale_tes Cas_gr,.ated wfih E; Code 1. In
_;Io_ _e ar',_h;'s_h;'-sn,. way to detem_ne _e
nurrC_r _ r.;;rter _eil_,ar_ w_h ok_me_ o_"_r _han 30

acco_ _vr _nc_',_:oge_ satet_es, or ;oc_.enea com-
rr_n ept>'-.._.

The c_m, ,mor,. rnethoo of esthn',atJn,,'jb_e __ze :_ E, 'lh
satellites, _art_c_Jiz,rty _ragme_ation ,debris. is ,.-,, _ ;-

ar_ni,'x_ the _rer'_'thof the reflecled s_gna_reoeNed _

SSN radar sites Ur_odur, ate_, these size e53males
_re st: _r_, affected nct only i_/sate!_te ._ze L_

sateiEle conf_,'atlon, _ate;litesla.._ltty _r_ ot!enta_
t_n, pass geometry witt_ respect to the _dar, r-'_J_r

c._r,bragon techniques, r_..lar freqver_.'y, ._g,n._ mtum
aver_g_."_ tec..h._qu_, pass4o-p_;ss ave_gtr_ te_-
_q_es. ¢_nve_n of dBSM vatuef_ to rrf, _tnplifi_

0hys_c,-'l t_te-pret_on of m" v_ues, di.,_'ete error_,
and Rayteigh eff_s for very small ob_ecls

Afufl description _ the_e effects IsLzeyond_'h,_soop_
o_ the l:_esent parer, lm,_ some t_l_st."at_e examines

are offered. _g,_re 2 dep_¢_s the _ January _:.k3
SATCAT r_d_.r cross-_e<.lJon_ (RC3) va_es ;or t_irty
k_erm'C_l, ur,stabllzed r,'JeXet bodte_, in ,_ar_, cir,'_.'l_r

orb_$ a_ a_u_ oi at'_.tt 15@3 kin. l_e va_Jes ran_e

over a f_jll ,,ma_r_,..,_e. Mor_over, the rna_od_ of The
va_6s e×ceml the a_,_u,'al max;mum _y'_c;at cross-

x_ot_l ,r_re3; i.e. _e v_ew ,,_ ;.he rr..,,".'.'.'.'.'._e__o'3y,. I_b-

I_'_ RCS v_Je¢ for a _r@e _el_te over a !4 year

,oed:_ _J'__ln F_re3. AQa_n the va_tc_,_'_8;_

_r:: _ area of the _el_la.

D_ta tor F_r_S ,'2.a,'_O3 were _ov_J£<l t_; th._Fr'S-

85 I_:_a_.e-3-t_."_ __adarat E,_n AFB. Fbnd& .Th.i_is the
_i,"r.aq .-,_J_.e ot _CS ;n'ior'matJon pub_she-5 by, U.S

Spa,c._ Co_r_,na,_l in _e Sale{_e Catat._ ._nd !n me
RCS C_a_'_'2 q'he RCS Catalog _on_uns the cemp_eie

Eg_in RCS dalaDase wt, i_e the Sa_e!!;le Catak:_ COn

t,_ir_ se'e_ed qC,S v..1,be_ from a vanety of SSN ra-
d,i_rs. Teledyne _,owt_ Er_neenr_ has rtotad tn _v-

er_ spec_a_ mpo_s tn_ th,e E-_n F_CS d.zt.a fcr cata-

;oged satel_tes _-ffer r_t_._a_W from sirru_ar 3_ta pro-
ou_.eO oi tI_ePARCS _ ;n North Dakma _.'l',lcn
_rpert.ate_ _t ne_r'ry the s.3,_,e frequency. Sinc_ these

.oo_sort_ "._ru _or_ under r_mstandard opera-

t_onaiore,"_Iro_:.'ne_t_cor_.iorts,a new amalys_swcs

oo_ed u_..r_ more _;_ne d_l=. F'_gure 4 dep_c'ts
an apparent syslernabc ._as between the two radars on

ide_ca; objects under r'.'.'.'.'.'.'.'._,',eor, erat_or_. A srna',_
radar bi2s reeantty noted and a,_,,_wleOgeG by A_r

Force Space Corr_'_lnd pe,-s_nr, el may correc_ a por-
t_n of this amoral the Egmnradar by the end of tr..e year

Calbra'Jon of SSN radars _s norma_y pertormed i_

the 0.5-1 r_, re,on wt'_¢tt shows the be_ c_elat_n In
F3g,jre 4. '_,_,at rerr_ns ut_ear is w he,her eRher ;adar
Wovkles e re--nat,, accurate portrayal o_ _-_ua_
c_roes-_;'tion_ pos.s.ibiit7 that Eg_n exaggerai,_s
L-hesize of objects g_ater than lrr_ Issu:_ortea by me
data I:Yot'm_ It, Rgurss 2 3nd 3. However, r_teI_es o_

t_!s s.ze are normally p_--_,yt3a0sand n:x_.et bo_es
which c.;en_os.._ess at:_endages, r,uch as a_enna or

_=_r panels, which in turn couk_ cause a _ror_ger
r:_',_'_..ed radar s_gnal. The :rr_lied _as in the _.ther

,_;_:,_",n_or sma!'_objoets has never been c_nfirmed

or val=_o .: ; .,,- object RCS data rl_JSt therefore be
uti_zed win extreme care.

A;_aF/ses o; mapr sate!_e fragmentations 0udng the

past five years _ndcates that methods for est,,'natin G
the tfettme8 of debds atm_lerate attitudes, i.e., 403-

10(:,0 k,'n. must be reexarr=ned and im?.'oved Ufeti.,'ne

_tons performed by a variety of ar..aly_'ls in th_

miiiary ar'_ c_lan _eclors have histonc._lly L>een ex

aggorated due io errorsin as._gr_ng l_lllstlc_etti.

_en_s _nd inunder-estlrnzOng_ne cha.nges inatrnos-

_edc C_n_lty eun,,"_pe.,_ of high sO"_" £._lJ_a;y.
"me b_-ea_up.4 oftwo _atel_ites. Satellil, e i _27_, in

985 _. an alt:,tuOe of 525 km and Sate_lile 166t S in
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F'ig,=re 4. E_Sn and, PARCS RCS Discrepo,_y..

1986 _,t _'_ a_t_e c,f 805 km- a:e two prime examples.

C_ the 285 pieces of debts catatogr_ trom the 11278
_reakup, or,Jy23 rem_ine<:t in orbit a i!11e more _P_n four

years later. The hf_r aflitude 16615 brea._Jp pro-
ok.ted 488 cataloge0 Oe_$ w_,h only 134 still in c,rt_!

_st over three years later. These exhibited cJec_, r_es
were sigr_fic_nth/br_er_i_-13tr_J by many w;_ were
i:)redictir_ lifetimes for thes_ o0Jects m,ear_Jred in

de<'ades or more. _gure 5 oe_cts t.h6 ir_hai or_,S of

CleOdSwhich were cataloged w_lhin three rr_m_s of the
16615 l:_eaku_ event a.'_ which de<.ay,3<! pr_or 1o 1

J_-xJa_ 1990. Many tmgme_s with p_ri_ees and

apogee._ above 800 km dec_yed du_ng this period.
These and other da_a suggest _hat on the average

smaP. frag:nent_ion debc;s have _ignir_,ntly sho_er
if_mes than typical p_yioads or m<_et bo_es el the
same altituds. Smzllerdebds, untrackable b.vthe SSN,

may have even aho.,ler ifet!mes than the _er, tra_-
_:)le debds. This is _ ve_ Irnl_da.'_ corzsider'_on
wh_h Shouk_ be taken into aCCOU_ in any software

wi"_h statlstic_lty n'xx:lels the untrac_b_ p,opula_on.

e r . / } -t_e._

11_us iar. nom'_ai _peratto_at ca_z_litJes oI the SSN
as a whole have been addressed. Ir_viduai ser, sors

may be employ_J !o pin,de data of greater se,',zs_,;!_
ar'_ _,'olu._'_... In some cases the rc,su_s may _ec_:J*.oir,-_-

_vements In SSN operations m. "198_ z reds_,: of
tests w_tn the PA_CS red ", oonduc_ed unde; the

auspices of Ta_lyr¢ E;_-',_m Eng;nee.dng. ie<l to tt_e

Iowertn_ of itc SSC rec_rting threshold from-16 dfsSM
to -26 dBSM. ConsequerHh/, the S.SC bega _ to catalog

sn_._ller object.,sby c,.._mbir_no the PAP, CS observations
with those from Egtn and COBRA DANE. This proce-

dural change and improved overall sensitivi_ in the
SSN have sometimes been rr_ctak, en {or a real ¢t_a.,'_e

in the satellile por'AJ!at=ongrowth rate.
Two p_jecls invo!vtn0 the PARCS r_,dsr were spe-

ciflcai_ &lined at detecting very sinai; satelEtes wi_h the
intentk0n of betterdefintn_ the ,",Par-Earth en'_onmem.
;n 1976, 1978, and 1984 the PAPCS S,'1_ .Satel_le

Tests were conducted. Special software was P_'lalled
to increase apoarer'J PARCS radar sensitivity beow

-50 dBSM. Analyses of recording tape,_ o_mcted at se-
lected inturvals over several days revealed UCTs be-
tween 4 and 21% of the known pop_laLion _Cadak_od

and 8X, XXX). NO off-sH.s correlation wa.£,attem4:_ted. A

lg89 study by the Naval Space Surveillance Csn',er

suggests that a _arge perce,mage of the PARCS UCT
trac_:s may represent known sa:ellites.

During the penod 1984-1986 five editions of the
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PARC3 _ta wi_ _ &pp_re_l _ensl_v_t'y oi, -30 dBSM.

The nur,lber of LK3T tr_c_ r_=,e<:l _,'o_. 6.1;% _n ;_r-

Of oa,_c_iar :_I_: Isthe red_ _ sertsorc_=

t,.¢,o_._:on after a satel_le bceal_.J_, h_lho_gCl et_r_rl
set data is baseo on, short-ate trao_, me q_Ja_! of the
d._.a i= so_clcnt _ marry analyses, zcH"neof w_'..h are

I_ble with .,'outlr_ ,S-SNdata. T,_le 2 reflects t_

ber_3_s of slng_ _er_._o,-Oata foltow|i_rws recer_

s_.el_te _a_._q:_. The hr= two br_atoj_ ocoJ_n_l at
rr.K'clerat,,jall_jc'JeS ms, lUng in detx_ _._tirne_ sulfl-

cie_ .'o' SSN cata._ling to accoJ_ for bhe reaper
tr_grr_r_s, k_c=w_', many _f were requtrc¢!
the S,atel_la C_t_log to reflect _e r_j.,'rC,ers det6c_ed in

the s,ngle pass. At lc_wer l),-e=_Jp _,_Y_e_, debn_
often 3ecay before catalo_r_l car; be acx:x)n_shedo
Hence, the offc"ta! record of the, _ - th_ S_elFde

CataJog - may signifl=anU',f und.er-repeese,'J _e known
debris cloud.

Several SSN sensors _Jrecapable o_provk.lng debrt.;
characterization information whi¢$1 I_ often _ost _ l.he

_e ._.vo_ _eveL The PARCS, _=gin, COBRA DANE, and

NAV:_PA,_UR sy_erns are among the _ In ti_s
regart3. NAVSPASLIR l:_rsor'ctel II=_'e ¢¢r'd_<lera_e
_Xl>ertis= in proces_n,'j ._.atellke *raq.,,ns_atlcns, _nd i_

NAVSPASUR'_ rote _ the ASSC this sxpeden_ can
¢ort'lX_e to mo_ Corrtx_l_rk-_tve data =)IK:lfon

MulCk-lr_.7,_.,'_cy' RCS data are a_so available. In
198S _e S_ellte Catax:)g was upg,"ado0 to Include not

on_ tt_ I_ Iwatkab_ UHF RCS Oata from Eglln
10ut a_o UHF, L.Band, ar,d C-Band data from olher

sensors, ln_het_ure _-_'¢ldata mayl_wovide_on
an e_-_lrded b_s wi_en lhe U.S. S_ace Comrnznd-

NASA r4ay_ac,_ .a_d iary _ becomes oT_f'stlonaL
By cxatrenlng murd-f_,_erk,"yRCS data a better estl-
mats of dad_ r=dze!_ possib!_. Spec=al narrow- _nd

wt<l_-_u_l ixoc_sse'3 da_ _ even pmv_Je satellite
_e:lzalion ir_ _'rnatlor_.

,'The _ Inc_le_ _:_'_ea ground-based electm-

la¢iiUe_, CEODSS, which a,e i_numly used
;_r _ _ "deep ,_oace" surveillance. Urnited
survefllaz'_ In low _ o_oit Is pos__.._:Y_in either a

st_,lng _r a racking r.,_x_e. _,e .,ormer tec_ni¢,Je has
been -'-,_:1 to rr_;s short, s_ati_ s_rvey_ of the

ne_r-,_a..-lh _nvimnm_nl. However, sL.__J_data provide
Irtcom_ete 8n_ !.'TT.,_=_Seotbi_al ele,me_s. In general
GEODSS datz of thi__ are _ff'_ult to _aib¢_e and

_o con'¢_ with r'K;ar dat=_ _ co,"=certs0 i:m>gr_m of
_nate_ r,_dar _ electr_-optic_ r._zervatio.'_s
ha_ r;_ vet been unde_aken.
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BREA,VuP

SATELLXTE

II iiiii

1127.8

1661S

16937
16938

17297

i=

|11

I BREAKUP

I ALTITUDE

525 i<m

805 km

220 km

220 km

390 km
I_

CATAL(;_'E D I DETECTE D !DeBRiS i Z:)EsR_S

465

191

190
846

-- i |111

-_85

, 483
13

5

_94

Table 2. Cataloged versus Single Sensor _reakup Debris Counts.
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ORBITAL ELEMENTS DETERMINATION FOR BREAKUP AND DEBRIS

t

Stephen if. Knowles

Naval Space Surveillance Center

Dahlgren, VA 22448

Abstract

This contribution describes the

general procedures and resources

required for a specific determination of

orbits of space d_bris resulting from
satellite breakups and other causes.

Examples of events processed by the

Naval Space Surveillance Center are
included.

Introduction

Much of the emphasis at this

conference has _ on t_? statistical

descripti_ of the debris emvlzonmemt.

While this is sufficient for some

purposes, for colllsloa avoidance and

the full characterizatlom _f the space

environment a _Iscrete cataloguing is

necessaz 7 that requires that the orbit

of every piece be known. This latter

task is _i_81y a _h more difficult

one. It is umd_rtakea 'y a llmite4

community that coosists in the United

States emtirely of the military

components of the U.S. Space

Comm_nd.** It requires continuous

operation of a radar trackang network,

and near-real-time updating of all

orbits at a coRputational/operations

center. The Naval Space Surveillance

Center(NAVSPASUR) Is tasked, together

with the Air Force Space Coamand, with

fulfilling this responsibility for

keeping track of everything in orbit.

Because of this responsibility,

NAVSPASUR has consistently m_intained,

since the first recorded breakup of 196[

Omlcron, an interest in determining

orbits of all detectable pieces

resulting from a breakup as rapidly as

possible. As a result, we have

extensive experience in th_ 'how-to' of

determining in near zeal-time the orbits

of debris fra_memts diverging from a

breakup. Th_is ugDtrlbution will discuss

in general terms these procedures as

well as the c_racterlstics of space

debris as observed in real breakups with

a system such as the U.S. Space

Command's radar network. This report

network. This report will describe the

procedures in use at the NAVSPASUR

Alternate Space Surveillance

Center(ASSC) in Dahlgren, Virginia.

Although the procedures at the U.S.

Space Command/Air Force Space Command

Space Surveillance Center(SSC) in

Colorado Springs, Colorado are generally

similar, there are differences in

performance due to computer resource and

communications constraints. In

addition, the general characteristics of

space debris as observed with the

national DOD network will be described.

In this connection, it s.h_Id be noted

that the primary mission of U.S. Space

Command of protection against threats

does not lead to a great emphasis on

doing a thorough job of characterizing
debris.

It is useful at this point to

provide a brief overview of certain

characteristics of the_ U.S. Space

Command's radar network. The system

consists of a global network of sensors;

this distribution is necessary in order

to obtain a satisfactory representation

of an orbit over all longitudes."

Fiqure 1 shows the nominal sensitivity

-f /. .

/-

Figure 1 - Space Surveillance

Network(SSN) nominal sensitivity as a

function of satellite altitude

"Technical Director

Member, AIAA

• * - Note that, although NASA

distributes data on satellite orbits to

civilian users from its Project

Operations Branch at Goddard 5pace

Flight Center, the data on the large

majority of non-cooperative satellites

is obtained from the above-mentioned

military tracking system. NASA does not

maintain its own tracking facilities for

noncooperative satellites.

* - There is no sensitive sensor located

exactly on the equator, which has led to

requests for a debris characterization

radar that will provide observations of

strictly equatorial near-earth orbits.

However, this has very little effect on

the princlpal mission of determining the

orbits of all space objects, since most

are launched into orbit_ with

significant inclinations.

] his paper is declareci a v_rork Of lh¢ U.S. Go_ernmcnl and 235
tc. nol subj¢c[ to copyrtgh_ prolecKson in the tJnttcd _|alc_



of the system (Johnson and McKnight,

1987).* Radar sensors are used as the

primary low eltitude tracking method,

supplemented by optical sensors for

geostationary orbits. The Naval Space

Surveillance Center maintains a radar

fence across the southern United States

that is a part of this network, and that

has _raditionally played a major part in

the determination of orbits for breakups

and other unidentified objects because

of its capability for unalerted (i.e.,

'guaranteed') detection of objects

passing through the fence. In

NAVSPASUR°s breakup determinations, we

make extensive use of observations from

this fence, as well as those from other

sensors when appropriate. Particular

mention should be given to the phased

array sensors at Cavaller, North Dakota,

which is the most sensitive in the Space

Surveillance Retwork(SSN) and to that at

Eglln AFB, Florlda, which has

historically played a large paTt in the

orbit determin•tioa of uni_entl fled

objects.

The term debris is used by the •pace

c_unity to refer to all earth-orbltlng

objects other than active payload•.

There is a significant influx of natural

Gebrls (i.e., meteors) into the near-

earth envirohment. An occasional piece

is of vexy large size indeed, as

evidenced by the remnant meteor craters

located around the globe. However, the

natural population at any time is kept

relatively low by the fact thaCtteorlc

material always has a relative 3rbital

velocity greater than the earth orbit

escape velocity, and thus is normally

present in the near-earth environment

for only a matter of minutes. Man-made

debris, which encompasses the majority

of large objects, can be divided into

several morphological classes. There

are satellites that have outlived their

operational llfetile, and of cour_e many

rocket bodies. In the category of

smaller debris there are various pieces

shed during launches, and also genuine

physical disintegrations. There are at

least two known instances of collisions.

Although the exact cause of most

breakups is unknown, they are most often

due to a low-grade fuel explosion in

s(xae guise. The space catalog at the

present time consist• of about 7000

objects. Of this number approximately

400 are active payloads, II00 are

inactive payloads, and the remainder are

debris of various types.

BRY,%KUP DETECTION AND PROCESSING

How are breakups detected?

Sometimes, but not always, there _s

* - Note that this sensitivity limit is

a 'soft' one, and that objects near the

sensitivity limit Day or may not have an

orbit determined.

advance information that a breakup is

expected because of anomalies in the

satellite's performance. In any event,

the first detection of a breakup

normally happens when one of the

surveillance network's tracking radars

detects several pieces in place of the

one that is expected. A_ this point the

orbit determination and cataloging

process begins. There are several

important factors that bear on this

process.

The velocity distribution of a

breakup has a major bearing o_ the orbit

determination process. The orbital

£peed of a near--earth satellite is about

7500 m./sec. This speed, which exceeds

that of s speeding k_llet, results in a

very large amount of kinetic e_ergy.

The breakup process _11 normally not

result in a_Iog or subtracting kinetic

energy, and thus velocity, that is more

than • fairly small fraction of this

amount. Within this lJakltatloa, studles

of act_l breakups have shown that the

fragments will typically have • fairly
wide rage of differential velocities.

The. two recor_d cas_j of collisions

have shown a tendency for the pieces to

re_ain in two ._elocity groups

corresponding to the velocities of the

original c_llid_r•.
The discrimination" ability of the

various radars used is also a factor in

breakup analysis. This discrimination

ability has two dimensions, i_ the

position plane and in the velocity

plane, and depends on the radar. The

multl-target discrimination ability is

not fully developed in the t_Ical

satellite tracking radar, because the

normal distribution of satellite targets

is rather sparse; many radars can only

process one target at a time even if the

radar electronics itself i_ capable of

more. The discrimination problem is

obviously worst immediately after

breakup, and gradually becomes more

manageable as the pieces spread out due

to their differential velocity. As an

example, the NAYSPASUR radar system has

a velocity discrimination interval of 25

meters/geoond, but can only measure one

piece at a time within a separation
interval of 15 k_s. due to data

processing limitations. This

performance gives relatively high

velocity discrimination ability compared

to range discrimination ability. Note,

however, that with typical separation

velocities, pieces will be separate_

enough to track separately after a small

fraction of an orbit. While the total

number of trackable pieces will depend

on a number of factors, the total number

trackable w_th our existing radar

network has tended to be about 200 to

300.

The primary difficulty for most
breakup solutions is the determination

of orbits for the large number of debris

pieces. The determination of orbits for

breakups is a semi-manual operation at

both c_aputatlo_ centers, with little
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software devoted specifically to

disentangling breakups based on the

identifying morphology. A central

problem is that an individual orbit must

be computed from the observations for

every trackable debris piece. The

number of possible reconstructions that

can be made follows the general rule of

n factorial, so that the amount of

analyst work and computer loading

rapidly multiplies. Additional

complications are caused by the fact

that the pieces are close together and

thus easily confused immediately after a

collision, and by the fact that for

pieces small enough to be near the

limiting sensitivity of the network

tracking will be unreliable, with the

piece not detected at all possible

passes. The result of all this in

practice is that a very significant

amount of elapsed time is required to

determine unamblguously the orbits of

all trackable pieces. Up to one or two

months is typical before all piece

orbits of a large breakup are completely

under control.

Let us follow a typical scenario for

a breakup analysis as performed at

NAVSPASUR. First comes a notification

of a breakup. This is often prewarned

by external information from the news

services or other source, but the first

actual warning =omes when it is noticed

that one of the network of sensors has

observed several 'satellites' in its

coverage where one was expected. This

is typically noticed within a few

minutes of the radar pass, although no

completely automatic method of detection

exists either at NAVSPASUR or at the SSC

in Colorado Springs. During the first

twelve hours NAVSPASUR normally does not

attempt seriously to determine

individual orbits for debris fragments,

preferring to wait for the confusion-

factor to diminish as the pieces spread

out. We often track a few outlier or

fringe pieces, however, that have

happened to be ejected with especially

high in-piane velocities and thus have

spread out more along the orbital plane.

These are used primarily to determine

the blast point, or point along the

orbit (together with time) at which the

breakup occurred. After a few hours

have elapsed, debris piece orbit

identification begins in earnest. The

primary tool used for this at NAVSPASUR

is blast point analysis, using a program

called SAD. In the blast point

technique, a sequence of passages of all

the observable pieces through a sensor

is recorded a few hours after the

breakup. The NAVSPASUR sensor system is
well-suited for this because all

detectable pieces are automatically

tracked. For each detected piece, the

orbit computed from the two observations

consisting of the blast point and the

reference time is extended and used to

compare with other observations. When

one more observation is obtained within

the tolerance limit, an orbit is

declared for that piece. _hus, two

individual observations plus the blast

polnt information are used to determine

an orbit for a piece. This operation

can be straightforward under perfect

conditions; however, at NAVSPASUR the

process is performed under control of an

analyst so that ambiguities in the data

can be easily resolved. An example of

this is pieces that are of marginal si_e

so that they are not detected on all

sensor passes. Another problem that can

make orbit determination difficult is

low- altitude breakups where the pieces

hav_ significant drag. The drag adds

complications to the analysis in two

ways. First, each piece w111 have a

different, and unknown, drag coefficient

due to the randomness of the surface

area to m_ss ratio created after the

breakup. Second, the dispersion of the

pieces into different orbits will of

itself result in different drag effects.

To the extent that drag is significant

over a few hours, basic mathematical

theory says that one additional

observation will be required in order to

determine each piece orbit. The

additional work is balanced for debris

analysis by the consideration that high-

drag pieces will have only a limited

orbital lifetime. The process of de-

confusing all the piece orbits is

laborious and time-consuming, and is

typically not satisfactorily completed

for two weeks to one month after the

breakup. During the initial

determination process, also, it should

be noted that there is a period during

which NAVSFASUR is reasonably sure of

orbits but not yet willing to release

them due to the high degree of

reliability required for a public orbit

release. Throughout this process,

NAVSPASUR uses a unique set of in-house

developed software described in more

detail in Knowles et al, 19902 . This

software has been developed over many

years to solve the particular problems
associated with 'cold-start' orbit

determi_atlon, and generally involves a

quite sophisticated least-squares

process with variable tolerances to

optimize accuracy of data use.

Between 1985 and 1989 there were 12

major breakups. Of these, 8 were

intentional and 4 were assumed to be

accidental (Figure 2). Two Interestlng

examples of NAVSPASUR analyses are the

breakups of COSMOS 1823 (SSC # 17535)

and TIROS N (SSC | 11060). COSMOS 1823,

a second generation geodetic satellite,

broke up in orbit on December 17, 1987.

The first observations were from the

Cavalier radar between 2105Z and 2115Z

with a piece count of 22. The debris

cloud penetrated NAVSPASUR'S fence

between 2305Z and 2319Z with a piece

count of 36. Because this type of

satellite had not been previously known

to break up, NAVSPASUR checked for

collision possibilities by means of our
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COMBO program, but found node. Cn

December 18, NAVSPASUR analysts

initially generated i0 element sets and

a blast position. On request of t ,e

5SO, a;_ attempt was made to Identify the

main d_brls piece. Programs were zun to

letermine the orbit most similar to the

orlglnal orbit. Based on these results

a like±y candidate was identified and

passed to the SSC. The object was then

renumbered to the parent number. All of

the initial elements on this breakup

were produced by NAVSPASUR. By January

7, !988_ 175 element sets had been sent

to the SSC and 33 of those had been

catalogued.
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Figure 2 - 1985-1989 breakups

analyszs of breahups, as it well

illustrates their association and decay

behavior over time (Johnson and Nauer,

1990) 3 . The Gabbard technique is not,

however, used by NAVSPASUR in breakup

work, as the blast point technique is a

much more deterministic way of revealing

association for recent events. In the

case that pieces were cast off at

intervals rather than in a single event

it might provide an important clue. As

part of its discrete analysis of

breakups, NAVSPASUR routinely determines

the vector components of the

differential velocity of each piece at

time of breakup. This is often of

significant help it, analyzing the

physical cause underlying the event. As

an example, Figure 3 shows the velocity

, i_

Figure 3 - Rectangular Components of

Relative Veloclties of Fragments from

Cosmos 1823 Breakup

A second exa_ple is the piece

ejection of TIROS N. TIROS N was

launched on October 13, 1978; it had

sensors on board to measure temperature

and humidity in the earth's atmosphere,

surface tempczatures of land and sea

areas, cloud cover, and near-earth

proton and electron flux. It had a

near polar, sun synchronous orbit,

eI_abling it to observe nearly the entire

earth's surface twice a day. It

remained operational until November I,.

]980. Due to the extremely long on-

orbit life (350 years) of this type of

satellite, any magor breakup of a TIROS

could only increare the problem of long

life space debris. During September and

again in October of 1987, small

fragments which originated from TIROS N

were discovered and catalogued by

NAVSPASUR. The first debris piece

separated on September 2@, 1987 at

1658Z. The second debris piece

separated on October 4, 1987 at 2107Z.

This type of piece separations is

actually fairly common in the space

environment. Another example of this

type of iDcident was a piece of debris

to TRANSIT SB-! discovezed in October of

i_89. Analysis revealed that the object

most likely separated on September !I,

1989 but further information was

unobtainable.

The Gabbar_ diagram is a

representation of the apogee and perigee

of a group of orbits versus hhe period

of these orbits. It _s in wide use by

groups undertaking ex-post-facto

components for the pieces resulting _rom

the breakup of COSMOS 1405 in December

1983 (Lipp, 1984) 4 COSMOS 1405 was a

Soviet ocean surveillance satellite that

underwent a breakup typical of its type;

most debris fragments reentered before

being officially catalogued. The

velocity diagram shows a semi-random

distribution of differential velocities

with magnitude ranging from 5.9 m./sec.

to 124.8 m./sec. The direction of the

velooity vectors is spread over the full

unit sphere, but there is clearly some

orderliness to the distribution that has

to do with the mechanism of

disintegration. The average

differential velocity was 66 m/see for

the Cosmos 1405 breakup and 30 m/sec for

another example, the breakup of Cosmos

1691. It should be noted that in the

known ix,stances of collisions the debris

velocities have tended to cluster about

the orbital velocities of the two

colliding satellites, rather than

assuming some mean value in between.

This corresponds to a model of 'hard',

or semi-elastic, collision, where the

two bodies interact only enough to

disrup_ each other's structure and then

continue their path, rather than a

'soft', or sticky, collision, where the

two bodies turn into one for kinetic

energy purposes.

Although the initial differential

_eloclties may be close to random,

orbital dynamics dictates that the

behavior of the piece orbits will be
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significantly different over the few

days after blast in the along-tr_ck,

radial and cross trazk directions. This

is wcli illustrated by Figure 4, which

Figure 4 - Graph of orbital velocity

components vs. time in radial, along

track and cross track directions

shows the change from nominal position

in the few orbits after blast f_ a

typical breakup. The distribution in

the cross-track direction is fairly

strictly periodic, with the plane change

of the pieces resulting in all pieces

returning to the same point in the

cross-plane coordinate at each half
revolution. This fact could be used as

an additional clue in identifying debris

pieces, although NAVSPASUR has not done

so. In the along-track direction the

trend is clearly secular, or constantly

diverging. This is caused by two

effects. Any velocity change in the

along-track direction causes a direct

change in the orbital energy and thus

its period. Also, any variation in the

area-to-mass ratio, or coefficient of

drag, in the resultant debris will also

cause a secular change in along-track

position. The radial picture is

somewhat mixed, with an initial

recycling but then divergence. At least

in this case, the majority of pieces

exhibited higher drag than the parent.

This in general would be expected, as

surface-to-mass ratio increases with

decreasing size. Clearly, the initial

s_reading out of debris is primarily in

an along-track direction. There exist

models (Chobotov et a1,1988) 5 that

model the behavior of debris after a

collision. These models have not,

however, been extensively tested against

real-life examples such as illustrated

above.

After a few days, other orbital

effects not illustrated in Figure 4

become important. The primary one is

that the difference in orbits causes a

difference in the rate of precession of

the nodes, and the debris spreads out to

form a shell or torus with the orbital

inclination and approximate semi-major

axis of the parent.

GENERAL CONSIDERATIONS

In con]unction with the problem of

identifying debris, it should be noted

that objects must meet certain deflnite

"bureaucra[:c' criter!a for inclusion _n

the U S 5pace Command official

satellite catalogue. These criteria

include the ability to be seen regular]y

enough by the surveillance network{SSN)

tc bc tracked well, the probabllity of

remaining on orbit _or a fairly extended

time and: for international treaty

reasons, the association with a definite

launch by an identifiable country. Upon

acceptance for cataloguing, each object

is assigned a 5-digit sequential

identifying number; these sequence

n_bers have now reached the early

20,000's. The U.S. Space Command

catalog contains approximatel 2 7000

objects; the remainder of the cataloged

objects have decayed or become lost. A

logical outcome of the cataloging

process has been the creation of an

'underclass' of satellites not quite

worthy of inclusion in the official

catalogue. These objects are known as

analyst satellites and given satellite

numbers in the 80,000 series. Unlike

officially catalogued objects, analyst

numbers are recycled when the original

object decays, disappears, or is

catalogued. This subject is important

because _s a debris catalogue expands it

can be expected to include a number of

such objects. One possibility is to

start a separate cataloguing/numbering

system for debris. In recent years,

NAVSPASUR has devoted attention, in its

role as ASSC, to ensuring that as many

analyst satellites as possible are

included in the official catalogue.

Since 1986, NAVSPASUR has transferred a

total of 1009 analyst satellites to the

USSpaceCom catalogue. There are

currently 354 analyst satellites in the

NAVSPASUR data base.

The accuracy with which NAVSPASUR

tracks a piece of debris is

approximately that of the standard US

Space Command orbit. Such an orbit has

a precision of a few kilometers for

predictions within a few days of the

observation time. Using predictions of

this accuracy to forecast actual

collisions with a few square meter

satellite will result in gross

overalerting, and is thus likely to be

ignored. If we take as an example a +/-

5 km orDital accuracy with a i0 square

meter satellite, the owner %_ill be

alerted 2.5 million times for every

genuine collision. This is obviously

unsatisfactory for operational warning

purposes. Can this situation be

improved _ Certainly under fa_orabie

conditions the orbits of selected

satellites can be determined with an

accuracy of a few meters, rather than a

few kilometers. There are several
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limitations that prevent this accuracy

in the space surveillance n_twork

orbits. Most SSN active radars are not

designed to the metric accuracy that is

available from, fol example, coherent

cooperative doppler trackinq. Howeve1,

accuracy of a few meters is available

from properly designed tracking radars

The possible predictive accuracy

degrades severely for very low orbits

because o_ the unpredictability of

atmospheric drag. An important

limitation is that th_ SSC/ASSC use

general perturbations, or analytical,

orbital theories _nstead of special

perturbations, or numerical integration,

theories in order to save on computer

resources. These theories as presently

implemented have an accuracy of about

300 meters. To summarize, significant

improvement in accuracy of the present

space catalog is possible, but a careful

study is necessary in order to recommend

a cost-effective improvement mix.

Another important factor in

determining discrete orbits for _ebris

is the total object load. Keeping

discrete orbits for all debris pieces

can be expected to multiply by several

fold the computer resources required, a

burden that the system as presently

constituted cannot support. This is

true both for the 'static' load of

maintaining orbits of cataloged obJect_

and for the 'dynamic' task of analyzing

breakups. Unlike mc_t astronomical

catalogs, a near-earth space object

catalog requires observations several

times a day and daily orbit

redeterminations. This is because the

exoatmospheric drag has a major orbit-

perturbing effect on near-earth orbits,

and cannot be predicted accurately a

priori at this time. Because of this

observation requirement, the obse1-_ation

throughput of the various sensors is

also a limitation. It should be noted

that even a statistical debris catalog

cannot claim to be a time-invariant

representation, because of the dual

uncertainties of variable man-made

debris input rate and variable solar

'clean-out' rate.

In summary, the techniques for

analyzing breakups; and for keeping

track of debris, exist, but are at this

moment implemented in s_l-manual

fashion with limited resources. A

comprehensive approach, with significant

resource allocation, is needed to assure

comprehensive, complet_ tracking of

debris down _o a nou.-damaging siz_

level.
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OPTICAL OBSERVATIONS OF SPACE DEEPIS

Karl G. Henize and John F. Stanley

NASA Johnson Space Center, Code SNJ+ Houston, TX 7705S

The Johnson Space Center is processlng
optic_1 data on orbltal debris from five
sources. The greatest _ount of data so
far obtained i_ from the GEODSS system for
which we present an analysls of 83.9 hours
of zenlt_h observatlcns. A total of 622
satellites were found of which 255 have
been identified with objects in the U.°AF
Space Connand catal o_ (SCC}. W_aen objects
in the SCC but whlch are not seen by
GEOD6S are accounted for, we find an SCC
completeness factor of 0.46 over all
dlameterm in the 500 to 1100 kl height
range. For objects with dlameters between
8 and 30 cm this factor is 0.26.

Comparison of GEODSS-derlved dla_eters
with RCS-derlved d.;ameters yields a
revlsed mean albedo of approximately 0.08.

In an effort to J_pz.ove our knowleqe of
the amount of orbital debris in the 10- to
lO0-cJ dtmter range, the Space Science
Branch of the _ Johnson Space Center Is
c_a_llt_g and analyzing optical data from
a variety of smurcea. These includm the
ETa telescopes at Socorro, NI(, the GEODSS

telescopes at Raul Stand.Diego Garcla, the
SO£ telescope at Nargarets, Hey
Brunswick, and two mll, portable Inhouse
televises.

The GEODSS symtem has produced the
greatest amount of data so far available
to us and the results derived to data are
preae_Ited here. This program is a Joint
activity with the United States Air Force,
let Space Wing, Colorado Springs, CO, and
the Field Centers at Diego Garcla and
Maul, HI, which collected the data.

A preliminary report on this data was
presented at the 3rd Annual R),DC Space
Surveillance Conference at RoBe AFB In

November 1989 (Henlze and Stanley 1989}.
The present paper is based _n more than
twice as much data and Is meant to
supercede the previous paper.

Observations and Data Pr_Jcesslna

The GEODSS telescopes have an aperture of
1 meter, a focal ratio of 2.2 and utilize
the large-follat Ebsicon vidlcon sensor
with a single stage of Intensification.
In the P_170 mode used for this work, the
field of view is 1.6 x 1.2 degrees and a
limiting megnltude of about 16.0 is
achieved for stationary Images.

The telescopes acquire data, when USAF
objectives permit, for one hour just prior
to mornln_ nautical twilight. During this
ti_e approximately five minutes Is spent
obtaining an observation of a standar_
star field und for th_ r ._ainder of the
time the telescopes stare at the zenith.

The rmsultln9 video topee are screened at
the Johnson Space Center. This process
includes not only the detection of all

C_y.$ht _ II_l) _ I_ ARRf_afl In$l,lule Of _o_lull_

l_ A_ronaut_. I_ No cop1rmlhl _s ass trlN m _

mr+hi _s a royahy-f_ee li_'n_ Io exe_ _tt t_lht+ _nd_

meteor and eatellite events but also _he
estimation of object brightness on a scale
from zero to nine, and _he measure_._ of
the position angle an_ rate of motion, of
the event time and of the distance of _he
closest appEoach to field cen_.er.

Subsequent processing derives the height
(from the angular velocity asaumlng
clrcrlar orbits) and the orbital
inclh_ation (fro_ the poaitlon angle and
slte latitude} for all events with angular
velocitle8 less than four deg/sec. Faster
object_ ar_ asauaed to be meteors. Also
the solar phase angle and height of the
ear_hoe shadow _n the zenith are derived
at this time.

Using time, position angle and rate of
motZon, it is then possible to identify
manF of the candidate satellites vlth
obJecbs in the USAF Space Cup,and Catalog
(8CC) with the help of the SATRAK look
angle generating program. We have
established a eyste_ for receiving and
err_lvingSCCorbital ele_entathreetl_ee
a week for this _pose.

For objects which remain unidentified,
di_criuination between _atelll_ and slow
_eteors requires a sol.hat complex logic.
Our logic first designates all objects
movi_ at 4 deg/sec or faster as meteors
since a satellite moving at that rate
could not have a height greater than 150
km and would be very near reentry.
Objects _or which the earth's shadow

height is 1.33 times greater than the
object height are also classed as _eteors
slnce these objects could not be
Illuminated by sunlight. (Objects at the
perigee point of a geosynchronous transfer
orbit would have a velocity 1.33 tim the
circular velocity and would thus be 1.33
times higher than the height based on
circular velocity.)

Of the remaining objects, any observed to
be tumbling (two or more peaks in its
light curve) ere classed as a satellites.
Next, objects with derived orbital
inclinations greater than _30 degrees are
classed as meteors. And following that,
objects with heights greater than the
shadow height are designated as
satellites. This leaves only obJect_ with
inclinations less than 110 de(] which have
shadow height to object height ratios
between 1.0 and 1.3_. These azs
deat_rnat_d as "Uncertaine" and, although
po_sLbly satellites, are not included in
the satellite statistics. In the current
data set 16 objects fall In the
"Uncertain" category.

Altbou_h the above system is not perfect
(e.g. the satellites still contain a small
percentage (probably about I%) of s_ow
meteors), it is based on extensive
experience with satellite vs. meteor
statistics and should r_ult in only an
insignificant impurity in the statistics
of either satellites or meteors.

The statistics which result from this



logic are presented in Table i.

Table I.

GEODSS Event Statistics

N,'_mber of tapes 98

Search time (hrs) 80.9

Satellites 622

Meteors 2649

Uncertain ]._

_anitudes and Diameters

Stellar magnitudes are obtained from the

eye estimates obtained during the
screei_ina process. It has been our

experience that the important statistics

come from the very faintest objects
detectable and these are so faint that

measures with an image processing system
are either very Inaccurate or are

impossible. At the same time, experience
shows that visual distinctions between

"not visible", "barely visible" and

"easily visible" are consistent from

person to person even though brightness

distinctions at the brighter end of the

scale are more subjective and more

d'fficult to calibrate. Thus basing our

photometry on the eye-estimated data is

justified even though some accuracy may be

sacrificed for the larger, brighter

objects.

The e_timates are calibrated by making eye

estimates of the brightnesses of stars cf

known magnitude and color, trailed at

various rates by the telescope drives.

This system not only converts eye

estimates to magnitudes but also acccunts
for the effects of angular velocity. We

find, fol" example, that a barely visible

object moving at 0.4 deg/sec (the typical

sa£eiiite rate) has a magnitude of about

12.9, a loss of 3.1 magnitudes from the
limit for stationary images. The

magnitudes used in the calibration are

adjusted to a system based on the spectral

sensitivity of the unfiltered $20

photocathode via the equation:

N20 = V - 0.60LOG(B - V - 0.64) (1)

where M20 is the adjusted $20 m3gnitude,

V and B are astronomical yellow and blue

magnitudes and the constant 0.64
normalizes M20 to the colo_' of the sun.

A verification of the vaJid_ty of the

resulting diameters may be obtained by

comparing them with diameters deriveu from

radaz cross section (RCS) data. Such a

com_arison is shown in Figure 1 for which
the assumed mean albedo used to derive the

GEODSS diameters is 0.5.

In sp_te of considerable scatter there is

a clear correlation in the data. The

bcatter has three potential sources:

variable albedo, shape anomalies and error

in the magnitude calibration. Departure
of actual albed_ from the assumed albedo

is probably the most significant of the
three.

Lines of conscant albedo have been

superposed on Figure I to show the extent

of the potential scatter in albedo.

Several objects on the lower boundary have

albedoes greater than 1.0 and must be the

result of shape anomalies. For example,
specular reflection from a flat surface

will result in a greatly exaggerated

GEODSS diameter. Likewise, objects on the

extreme upper boundary are probably due to

radar reflcctivity being enhanced by shape

anomalies such as corner-reflecting

surface texture or trailing wires. It
should be noted that we have attempted to
smooth the month-to-month variations in

RCS values by time-averaging over several
months.

The albedo statistics displayed in Figure
1 are summarized in Table 2. Here we find

neav!y half the objects in the albedo zone
from 0.05 to 0.20 and 20% in the zone from

0.20 to 0._0. Since or_ly 25% of the

objects fall in the 0.012 to 0.05 zone, it

is evident that the assumed mean a!bedo is

on the low side. This is also suggested

by perusal of Figure I. We find that

adjusting the _ean albedo upward to O.0S

(thus shifting the GEODSS diameters to

slightly smaller values) gives an
excellent fit between the GEODSS and RCS

dimmer e_ s.

Table 2.

Frequency Dist£ibution of Albedoes

Albedo Rang_@
< 0.003 2

0_003 to 0.012 3

0.012 to 0.050 25

0.e50 to 0.200 46

0.200 to 0.800 20

>0.800 4

Cur ultimate aim is to derive object

diameters, the fundamental parameter in
the orbital debris models. These are

calculated from the stellar magnitudes

assuming a simple spherical mode! with a

Lambert phase function and ar_ assumed mean
value for the albed0 (see Henize and

Stanley (1989) for detailed equations).

The validity of the spherical model and

the Lambert phase function is open 1o

qaesticn for any given object but for a

large statistical sample it may be hoped

that these assumptions will give valid

results. It should be noted that during

the one hour observing time at the zenith

we experience only a small range of solar

phase angles sc that the phase ruction is

net a strong factor In calculating
diameters.

If we u_e above-derived mean albedo of

0.08 to evaluate the limiting diameter of

GEODSS observations as a function of

height we find the smallest diameter

detectable at a height of 400 km to be I0

cm. Over small height ranges limiting

diameter is proportional to the square

root of height; hence the limiting
diameter at 1600 Km will be 20 c_.

However, for particles with an albedo of

0.32, the limiting diameter at 400 km will

be 5 cm. This dispersion in calculated
diameter due to the d_s_erslon in albedo

is a factor which must be considered when

these data are t_sed to improve debris
models.

242



t

t

?:1

L221
0

÷

- +

/./

/

O 00._ 0 0 _2

/ t j" /" t. /£ /

/.@

+ .0, _ /I

c2_ i

: 91
, t
C _
S 1

?J

..J

.J I ° / . /

, ,,., %:/ .. /-
._" _ +. I_ + _ /" * + o

6! z

i | * _ 'o.- ..... 4.....

0 7 ..:__ . _ _ • . ¢'--" • , . , . . . , . . ",¢

{? S 0.9 _ o _ _ _ : v _ _ _ _5 _ 6 : 7 1.8 _ _ 2 0 2,! 2.2 2._ 2.4 2.5 - 2'5 2.7 2.8 2 g .'/0 ._ I

tog G£0055 Dt_ (AL;2=O.O5)

Figure i. A plot of time-averaged RCS-derived diameters vs. GEODSS-

derived diameters. The RCS diameters are decreased by a factor of 0.77

in accordance with the findings of Badhwar and A_nz-Meador (1989). %_ne

diagonal lines are lines of constant albedo.

Space Command catalogCo_g_pJeteness

Since GEODSS data generally do pot reach

to fainter !Imiting diameters than the

Space Command data but still show roughly

twic : as many satellites, i_ is evident

tha& the GEODSS data reveal a significant

lack of completenes_ im the Space Command

catalog. An analysis of completeness as a

function of object diameter for objects

with heights between 500 and llO0 km is

_iven in Table 3. To remove an}" site bias

zn the data, objects with orbital

inclinations less tl_an _0 degrees are

excluded from this table.

These data are analysed by 200 km height

inter_als and by four diameter ranaes.

For each box we give the number of objects

detected by GEODS$ but not identified in

the SCC (UNIDENTIFIED), the ..umber of

objects detected by GEODSS _nd identified

in the SCC (IDENTIFIED), the mlmber of

objects predicted to pass through the

field of view but not detected by GEODSS

(NOT SEEN), the total number c _ objects

whether seen or not seen (TOTAL; and the

ratio of IDENTIFIED + NOTSEEN to TOTAL.

This ratio is taken to be the completeness

factor (CF) of the SCC.

!t is not surprising to find _hat CF is

dependent on diameter. For the I0- to

30-cm interval, CF averages O. 26 whereas

for diameters exceeding one meter it :s

G.80. The significant incompleteness in

d_ameters exceeding one meter is

u;zdoubte_ly due to shape anomaly problems

which were evident in Figure I.

Previous data was too scant to allow an

analysis by height . It is somewhat

surprisi._g to find no dependence on height

since it is generally accepted, that

optical sensors are more effective at

greater heights. However, this may be at

least partially explained by the fact that

at heights less than ii00 km we have not

yet reached the "R to the minus fourth"

region of the radar sensitivity curve.

In the above analysis we have assumed 100%

completeness for the GEODSS data. However

preliminary evaluations _erived from

multiple screenings of the same tape show

that about 30% of the very faint

satellites are missed on a single

screeni,_g. Thus for the s_allest diameter

range it is probable that the SCC

completeness is significantly lower than

the numbers in Table 2 indicate.
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Table 3.

Completeness in _e Space Coamand Catalog.

(Restricted to sate_!ites with 500 < heiqht <1100 km 8rid
inclinations > 20 deg.)

GEODSS DI_ (,I_)
UNIDENTIFIED

IDEN_. ZFIED

NOT SEEN

_OTAL

SCC CORPLETENESS

GEODSS DIAM (ON]
UNIDENTIFIED

IDENTIFIED

NOT SEEN

TOTAL

SSC

GEODSS DIAH (CM)
UNIDERTIFIED

IDENTIFIED

NOT SEEN

TOTAL

SSC COMPLETENESS

_p TO 700 1_

10-30 30-100 100-2G0 >200 TOT
25 10 0 0 35

5 8 3 I0 25
• 4 0 0 8

34 22 3 I0 6g

0.26 0.54 1.00 1.00 0.49

_QO To 90o ._x

10-30 30-100 100-200 >200 TOT
47 14 1 6 68

9 19 3 9 40
6 8 0 1 15

62 41 4 16 123

0.24 0.66 0.75 0.62 0.44

10-30 30-100 100-200 >200 TOT
64 _5 1 5 95

1! 19 6 20 56
13 7 1 0 21
88 51 8 25 172

0.27 0.52 0.88 0.80 0.44

GEODSS DIAM (OH) 10-30
UNIDENTIFIED 136

IDENTIFIEO 25

NOT SEEN 23

TOTAL 184

SSC COMPLETENESS 0.2_

30-100 100-200 >200
49 2 11 198
46 12 39 122
19 1 1 4a

114 15 51 364

0.57 0.87 0.78 0.46

e

A second source of incompleteness in the
SCC results from the fact that the sensors

on which the oatalo 9 is based have
difficulty detecting objects with orbital

inclinatlons less than 10 de_reea. Thus

it may be expected that SCC completeness

is _enerally less _or low orbital
inclxnations. Such an effect appears to

be present in the Dis_o Gal cie data°
Whereas 18 object_ with xnclinatlons less

than I0 degrees were observed, only four

were predicted fro_ r_talog data. This

gives a CF of 0.18 for low inclinatlon

orbits but the uncertainty of this value

is still iarge.

We wish to acknowleqe the contributions

_ade to th_S paper by Barbara _owakowskl

(_ckh_ed ESC) who carried out the data

_anagement and processing, Keith Warren

(Lockheed ESC} who was responsible for

screening the tapes, and Philip knz-Meador

(Lockheed ESC) who supplied the time-

averaged RCS data.
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DETECTING SPACE DEBRIS ABOVE 900 KM USING IRAS

A.P_W. de Joage and P.R. Wes, e;iu.q
Laboratory for Space Rescs:ch

Groningen, The Netherlands

Abstract

The Infrared A_tronomlcal Satellite IRAS was

launched in 1983 to perform a sky survey at wave-

lengtht_ of 10 to 100 _,m. Even though the design of
both telescope and data proceming tried to filter out

responses due to transient events, orbital debris hu
been detected, and identified because of its movement

with respect to the celestial background. We propose
to reanalyse the full unprocessed IRAS data in order
to cha:acterise the infrared emission of Orbital Debris

objects, and t_) extract a comprebensi_ set of debris

sightings.

Introduction

The IRkS mission, a joint project between the

USA, The Netherlands and the United Kingdom, wu

iannched on 2anua2i 26, 1983, with the ma'. goal
to perform an Mtronomic_ survey zt four mfrared

wavelengths with passband centers st 12, 25, 60 and

100 ,m. Besides the results of this survey (see e.g., the
IRAS Explanatory SupplementX), several studies are
published showing the capalfility of IRAS to detect or-
bital debris. Aaz-Meador et.al3 have detected debt, s

from _es containing infrared sources that did m_ch

the detector event template for astronomir_l sources,
but were not reobserved on a weeks or months time

scale, and were therefore rejected during the construc-

tion of the IRAS PO/nt source catalog. Dow et.al, s
haw found debris by identifying pointlike sources in
the co-aAded IRAS skyflax pla_s that did not cor-

respond with the IRAS point sour:e catalog. Walsh
et.al. 4 have constructed .special images from the tmpro-

ceasedIILAS detectorsignalsus/ng alteruatingscans,

and found debris by intercomparing these images. All
studies confirm that orbital debris may be detectable

in the 12 and 25 #m wacekngth bands and occnsionaly
at 60 _m, as can be expired for bod;es at equilibrium

temper_ures in the Earth vicinity.

IRAS data characteristics

The IRAS project was set up to construct a catalog of
infrared point sources. The following characterisitcs
of the JP,AS data reflect thi_, design: and demonstrate

Copynllht © 1990 American Im_imtc of Aeronaum and
Asuomum_. Inc. All rights reserved.

Figure I: The IKAS survey scan method 1. The angle
0 between sun o.nd viewline was kept consent during

each scan, while the in-scan angle ¢ changed at a con-

stant rate. The sky was covered in half-overlapping
scans Gf up to 180", usually made on consecuti_ or-
bits.

the iimitaticeds of IRAS data and data products for
detecting orbital debris.

The orbit of IRAS, at about 900 km height, com-

bined with the constraint that IRAS must look roughly
towards the locai zenith to pre_nt stray infrared ra-
diation from _urtF_. to enter the telescope, prevents de-

tecting any debris below 900 kin.

The goeJ of constructing a pomt source cah_log,
combined with the then available infrared detector

technology, resulted in a focal plane int.'ument that

did not perform true imaging. Instead, the telescope

field of view of 05" contained _ each waveieogtks two
linear arrays of 7 or 8 detectors. By" scanning the tele-

scope acres the sky while conti_uonsly reading out the
detectom, pomt sources could -be detected as peaks in

the detector signals. The detector size. the telescope

resolution, the scan speed and the sampling rate of_he
detectors were matched to give a resolution of a few

arcminutes. This setup discrimaces against the detec-
tion of debris objects, as the magnit,de of its apparea_

motion acroas the focal plaae '-_v is given by

_o = IlXo - X, ll ,.,v (1)
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where Xo and XI L-e the geocentric positions of the

debris and of IRAS, and _v is the scan speed. For sta-

tionary (i.e. celestial objecm) _D - wv, and objects in

high orbits are undistinguLshabie because as XD -- c_,
,._._ _v/, We expect that at a sampling ra_eof i_ Hz

(fo_the 12 .m dete.<torsjobjectsbeyond ge_tation-

ary distances will not be dis'_mg_:_si_able from point

sources on the bgsis of the,r apparent veloc:ty acro_

the focal pli.,e. At closer range, wo c&n become arbi-

trarily large. This means that very close objects can be

filtered out of She data by the electronic circuit mean_

to circumvent sharp pulses caused by cosrmc ray hits

on the detector_. V/hen a debris detection gets past,

its signal perk wi|_ still be weakened in proportion to
it_ cromink time over the detector. The direction of

the apparent motion with respect to the scan motion

and the orientation of the focal plane must also be
t.rkeu into account (as is not done in eq_atAon I), so

that the u_uLge of the debris moves at &skew angle over
the focaJplane and could,especially at clc_e ranges,

miss the short wsvelengtlas detector arrays a_together.
Froth, equation I it can be derived that the apparent

motion becom_ compgrable in mag_tude to the s-._m

speed rat heights of 10000 kin, so that the efl'ecticit7 of
IRA.S for detecting debris below these heights will get

progremively worse.

S_gematic searche_ for orbital deb.'_s in the IRAS
data ah.-_uid star_ out from unprocessed detector da;.L

The standard publ_hed product_:, notably the point
source catalog and the s,ry_ux plates, have been pro-

e_med to supp.-_ss transient sources in the data. The

point wource catalog pr_ceming mehtod a_e.ep_d those

peaks as candid_e point sources that, ha_i a good cor-
relation with a mode_ response for a celestial point
somce. This means that the output of thisprocess

would contain less debris detections, inhere the di_er-

ent eros.inK time owr the detector woLdd give rise to
a differently shaped peak. The sk)flux plates do still

contain transient sources, but as each point at the sky
for an mdivid_ud sk_ux pla_ has been see_ by typi-

csdly four detectors at different tines, a debris signal
will be diluted by a factor cf four, while the system-

atic residual striping tends to reduce the signs/to noise

even further wh.-.n compared to the raw detector data_
I_ mammary, we think that the IRAS data. contain

significant information on the debris popula*.ion, but
that a systematic anaiyms must start out from the orig-

inal detector data and ca_efully consider the limita-
gion_ of [RAS ca._ed by the telescope s_stem and the

survey method.

A systematic search

W_ pmpese two methods fo: a svstenm_ic analysis of
the IILAS data in ses,_b cf orbital debm detections.
The _r_t method starts ou_ from a known orbital de-

bris object. From its orbital elements the debrm po-

2_6

Figure 2: The track de.rind by an object in geo_ta-

tionar_ orbit, as seen from IRAS, against the sky, m

48 hours. In this time, IIL_LS wouid make typ,ca_|y
about 10-1_ scans each at a 8 of _ 90", and cover-

mg a _ _ngle of 0"-180" or 180"-360" m _5 mmut_.
Sightmgs occur when the 0, 5" field of view cr_ses the

object track while th; object alan passes there.

• iticn ._/>(t) as a function of time can be determined.

The IRAS orbital element_ give the IRAS potation
Xr(t), and their di_.erence gives ".he umt vector in the

direction oft.he object as seen from the IRAS satellite:

g_(_)- £,(q (:)
=II o")- ,c')li

The object _ crom the _ocal plane m the mter_J_s

when the debris d_r_c*.ion _e_tor X_>_(_) coincides w_th
_ viewing direction Xv(_) st the san_e u_t,

to within the width D of the detector arrays:

Sol,inS eouatiou 3, which must be done by evaluating

the distan':e st m_icientl>- small time steps, g_ves the
inteevals were it is worth while to inspect IRAS detec-

tor data. For a geostationary object. (see also figure 2)
we expect _ have 6 mghtings for the approximately
10¢ seconds of available survey data_

The second method of systematic search starts from

the IRAS data. While _he image of the sky moves

over the detector arra_ :,t a constant ra_e of 3.85 arc-
min/sec, orbit.al debris crosses the focal plane at a dif-

ferent rate becanse of its apparent n_ovement agmnst
the celestial backgorund. Using tecim_ques similar

to those used in setting up the IRAS Poin; Source
Catalog x, it is pomible to filter out of the detector
data strem_ events that are seconds-confirmed at a

time delay diRereut from celestial sources. Note that

the r_eed with which the mange of spa._e debris crosses

the detectom di_era significantly from the speed of ce-

lestialima4_es, so that the detailed shape oi' the peak



In _e Octec_or outpu_ cs_a De. quite azneren_, it ts
necessary r,o have the sighting confirmed on at least

one other dete_tcr in order t.o distm_aish the deb_ts
from cosmic-ray events in the detector. Further con-

_rrllat|oo of the debris nature of these events can cor_le

from a comparison with the e,lenLs found from k:_ow_

objects.

Conclusioo_

The propc'_.d system4tic .search through the IP,AS _le-

rector data should be more sensitive to ._pace debris

ohjec_ than earlier methods 2,a.4 E_/en _hough some

pattern ha_ to be imposeci on the detector stream in
order to filter out debris events, we are not bound to

an astronomical point source template. The search
for known objects gives a reference for the far-infrared

characteristics of debris objects to he|p us in es_blish-

ing the search pattern. Also, by searching through the
unprocessed detector data stream, we are not limited

by the reduced sensitivity of coadded images, were the

signal of debris events, occurring at different apparent

position; in the sky, is added to the signal of overlap-
ping _cans not containing the debris event.
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MU RADAR MEASUREMENTS OF ORBITAL DEBRIS
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Deparmlem of Electrical Engineering !I. I(yoto University

Kyuto c006. Japa:
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Abstract

Distfibutiotis of orbital debris versus height and scat-

terillg cross section are determil_ed from a series of ob-

servations made with a high-power VHF Doppler radar

(MU radar) of Japan. An automated data processing

algorithm has been developed t_ discliminate echoes of

olbiting objects from those ot undesirc--d signals such

_.s meteor trail echoes or lightning atmospherics. Al-

though the results are preliminary, they showed good

agreement with those from NORAD tra_c'king radar ob-

ser_Ttt.ions using a much higher frequency. It is found

that tile coilisicn frequency of an space station of 1 km

x I km size at an altitude of 500 km with orbiting

debris is expected to be a_ high as once per _.wo years.

1 Introduction

The MU (M:,ddle and Upper atmosphere) radar was

constructed at Shigaraki, Shiga prefecture, Japan

(34.85"N, 136.11°E) in 1984 mainly for the purpose of

investigating atmospheric and plasma dynanfics in the

wide region f.n0m the troposphere to the ionosphere I.

The radar is a powerfitl monos_.atic pulse Dopp!er

radar operating at 46.5 MHz with an active phased ar-

ray aultenna, which consists of 475 Y_i _tennas m_d

identical number of solid-slate transmit/receive mod-

ules. This design realized a very fast beam steerability.

The antenna beam direction can be switched to any

direction withi, t_¢ steering range of 31)° from zenith

fiom pulse to lmlse. The antenna aperture is 8,330 m 2

(103m in diameter}, and the peak and average output

power is 1 MW and 50 kW, respectively. The details of

the sy_,,tem are described els._where 2'3.

As a different application o_ the _adar, orbiting ob-

jects, such a_ satellites, launching vehicles and their

fragments have been explored to inv_tigate their height

distribution, which will IJecome an importmit informa-

tion for safety operat::on of the future space sta.tions.

Although such a height distribution has been collected

I)y NORAD system it, tile United States 4, monitoring of

the satellites and orbiting debris at various wavelengths

in t_arious latitudes and seasons over a long rat_ge is nee--

e._try for the above mentioued purpose. Especially_ a

conlparison of the scatterhlg section of a target mea-

• Now at NTT Radio Comm_mi_'_tion qy_*.cm_ I._ooratories.

1-23.56 Take Yoko*u "ka-sbi. Ka_agawa 238-03. Japan

sured by radars with diflereil, _ frequel_.cies provides im-

portaJlt informatiol_ ol_ the shape of the target.

Here we present tire experiItlenta] setup aald prelim-

inary results of a series of observatiotis made with tile

MU radar as the first attemp t of tnonitoring at the VHS"

band.

2 Observations

Amolag.various kinds of the opeiatic.;i _'_.,..,.,=o.... foe tim

MU radar, an ionospheric soualding mode is regularly

operated about 48 hours ev,: -y month, in which the echo

power mid the mg,aal attto-co_ela_tion functions of iono-

spheric scattered echoes ate measured. The same data

of these obser_'atious can be utilized to pick up hard-

target echoes from orbiting objects for a height range

between 300 km to 1240 km so that a tong time lange

statistical data can be obtai,ted. The obser',_tions have

been nlade for four beam directions of 20 ° off verti-

cal in the east, west, north &lid south directions. For

traaxsmission, a 7-bit Barker code with 64 ps subpuises

has been used for tile power mode of ionospheric obser-

_ttion. The received echo signals are sampled at 207

different ralige bins (memories) with a 4.8 km altitude

separation, and are sununed up over 25 transmitt:.ug

pulses for incoherent integration. Tire resultant t;tne
resolution is about 1 second.

Figure i shows the detectability of the MU radar

for a hard target with these param, eters in terms of

the minimum .scattering cross section and correspond-

ing radius of perfectly conducting sphere versus height.

The background noise temperature is assumed to be

10,000 I{ which is the mean galactic noise temperature

at 46.5 MHz. Capability of the MU radar for a h,trd

target is about 1.5 × 10-4m 2 in its cross-section at an al-
titude of 300 km and about 3.7 x 10-2m 2 at am altitude

of 1240 kin, which correspond to radii of co'tducting

spheres of 13 em and 34 cm, respectively.

As clear from this figure, most of snlall objects IMI

within the Rayleigh region of scattering, in which the

scattering cross section is tnucii sluailer than the physi-

cal cross section. While this is all obvious dL-_dvantage

ill terms of detectivity, a large differetice ill the operat-

ing frequency from ether rada_-s t_sually chosen for tiffs

type of study will provide us with L'D_.¢.ttle opl)ortttuity

of obtaining the scattering cros_ section seet_ at a ,ntc!_

lower frequency.

Copyright © 1990 American Institute or Aeronautics and
Astronautics, inc. All rights re;erred. 2_
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3 Data Analysis

h, these data, i._ has been found that in addition to the

echoes from the Imrd targets, ther_ are several other

kinds of signals included, such as cosmic noise, incoiler-

ent scatter echoes from the ionosphere, and impulsive

signals like, lightning atmospherics. Also, the observed

hard targets include a large nun,.ber of meteor trails as

well as the desired artificial orbiting objects. Ionized

trails generated by ,m encounter of a meteor into the

earth's atmosphere produces strong col-erent ochoes for

the VHF band, which usually iast fcr a fraction of a

second. Although their occurre,ce is limited to a nar-

row height region of 80-110 kn_, they are of'_en strotlg

e,ough to be observed through low-elevation sidelobes

of tile antenna at mud_ longer trudges.

During the MU radar obsen, atious, all data are

lecorded on magnetic tapes in a form of sequential

height profiles of the echo p0sver. We have developed

all automated algorithnl as described below to select

echoes from the orbiting objects out of all recorded

signals included in the radar echo data. The proce-

d'_rc makes use of tile known statistical ch_racteristk-s

of ea, ch type of echoes and interferences ixt c!e_sifying

_hem. It consists of two stages: I) det(_ctio_: of ha4"d

targets out of continuous backgroulid, and 2) recogni-

tion of echoes :;'onl desired orbiting objects alnong other

types of signals. Following sec:ions desr,-ibc solne de-

tails of the technique.

4 Detection of Hard Targets

"!'he first step of the data analysis i._ to detect strong

edloes due to hard targets out of continuous back-

ground noise. If tile noise power was constant, a

constamt ¢.hreshold level could be determined with a

given false-alarm rate. However, the background cos-

mic noise level chang_ with local time mtd season.

and at lower ,Atitudes the ionospheric hlcoherent scat-

ter echoes, whose magidtude var;es both ,vid_ lil:ie and

height, add to the background continuum level.

Ill the following we first describe the process of gen-

era] data analyses, and present the characteristics of

backgromvd noise adid those of tile ionospheric illcoher-

ent scattering appearitlg at ,'altitudes lower than 500

km.

In general, sig_tals detected by two-chanuel (ill phase

and quadrature phase} receivers of tl_e MU radar consti-

tute real and imagiuar3." p_ts of the complex ba.sehand

signM.

The signal powe: is calcltlated by r_'tdilig the square of

these two compotteuts, h_ rsse of the cosmic iioisc, :he

reM at_d the imaginary part are independei_t rattdom

sig,Ms wl_ich follows a Gaussian distribution. There-

for," the power calculated ;_s above f_io-vs a X 2 distri-

butiou of tile degree 2. In order to reduce a large tiuc-
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tuatio:l h) the raw data, 2.5 tusies of incoherent integra-

tio, is made tc, get every 1 s_ond datum at 207 height

points for an aidt,lde range from 300 km to 1240 kin.

This averaging process changes the power distribution

of the data at each ahit_ade point to a ).7 distribution

of the degree 50.

ActuMiy a¢ a_y altitude point above 500 km, tile

intensity {power) distribution of ect_oes exactly fob

lows this X 2 dL_t,sbutio,_ of the degree .50 as shown in

Fig.2(a). In such a case. rise probability of a signal

mter.sity exceeding seven time._ the standard deviation

(at of thp above dlstr_betion is estimated, to be very.

small, i.e. abont 1.1 ;_ i0-';. Therefore 7a is an ap-

propriate value fer the thresiioid level of hard target

detection with su_cie_._tly low false-Marm rave against

r_idc, m noise. 28owever, as show:: in Fig. 2(b), below

knt of Mtitude, the intep.sity distribution of echo

does greatly devqgte fro_-, the Xz dist_bution of the de-

gree 50. due to incoherent _attering echoes from the

ionosphere. In order to remo_'e such am effect, we have

to increase the thr_hold level to 10o - lSa.

If we u_ these larger threshold value for whole alti-

tude range, the minimum detectable cross-section of the

hard targets is reduced. In our data analyses, we have

decided h_ choose altitude dependent threshold value

which gs deternfined by the following processes. That

is, first the signal level at every altitude is averaged over

two minutes, and that averaged value is smoothed out

by taking a running mea_l versu._ height. The threshold

level for detecting hard target is determined by

P_ + -"" O)

where ._. i_ the smoothed sig:lal profile mentioned

above and a' is the standard deviation of signal in-

tensiti_ at ea£.-|l aititude. This ".altitude profile depends

on locaJ time and sea.SOll_ so that the threshold level is

determiaed individually from real data to be aaiM)_ed.

Figure 3(at shows an example of obsen,ed time series

of the eeitc_ power. The solid line denote_ the maxi-

mum valc_e in each echo p_'er profile consisting of 207
samples. Dashed line and dot-dashed line shows mean

!_xckground noi_ level and the threshold level as de-

scribed above, respectively.

Figur_ 3(b) illustrates examples of time and altitude

plots of tl, e data around four of the points which ex-

teed the threshold in Fig. 3(at. The background noise

level which is indicated by a dash-dotted line in the

time patterns and by a dashed line in the height pat-

terns is subtracted from these figures. The da.shed line

in the time patient illustrates a time sequence of the

signal level theoretical|y calculated from the adltenn.x

beani pat, tertl of the MU radas under the assumption

of that the object is making a circularly orbiting mo-

tion at that altitude. Cleml)x only eases (1) and (3) are

[iie echoes from orbiting obj(cts. An autemated aJgo-

ritltm to discriminate tLese objects is explain¢. ",t the

f-limving section.

(a)
llO 4

S F '

F
4_

g
3

g

"t
o!.

INTENSITY OISTRIBUTION OF I_CHO

500 {kll ¢ HEI(iHT • 1_'40 (kin)

I ' i ' I ' I ' | ' I ' I ''_
/

I

-3 -2 -I 0 I 2 3 4
IF

(b)
INTEkq$iIY DISTRIBUTION OF ECHO
300 ;ka) _ HEIGHT ,, 500 (kin)

.0OO_"r-] , , , ] , I ' [ ' , ' [ '-1

Tooo_L //_

 ,o0o 5000

iooo  [iI3000

2000 _-

-4 -3 -2 - I 0 I 2 a 4

Fig. 2. Iutensity distribution of the re-

ceived power arotmd the mean background
noise level. Tae solid curve shows theoreti-

cad _ * distribution of the degree 50, and his-

tograms are the data for heigl,t regions of a)

above 500 kin. and b) 300-500 kin.

Occasionally, tl:e background signal level is enhaa_ced

by 10-20 dB due to the ccntamination of strong coher-

ent echoes probably orign ._ating from the io,aospheric

field-aligned irregularities due to spread F layers or spo-

radic E layers.. Such period is removed beforehand man-

ually from the analysis.

5 Recognition of Echoes from Orbiting
Objects

We then examine the time aaid height l,atterns of the

individual echo. Peculiar time aud iieight patterns ac-

companied w,.'th some kinds of interferences, such as the

echo_s from over-dense meteor tra_ls or externM impul-

sive noises, are used to identify a_d remove them before

examiniug the echo pat tern in details.
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W

5.1 Echo pattern of orbiting objects

A small portion of an arbitrary orbit of orbiting objects
can be appro:dmated by a circulaz orbit at the altitude

of interest from the point of view of its radial dist;mce
versus time of the order of a few tens of second. The

velocity of a circularly orbiting object is determined by

= n' (2)

where R¢, H and Gm are the earth's radius, the height

of the orbit, and the coefficient of gravity.

The antenna beam pattern of the MU radar ](0) is

known, where 8 is off angle measured from the center
of the beam. It_ case an orbiting object traverses just

over the beam center,the expected echo power P+,(t)
should be

P.(t) _ f(o')_

0' = tan-'[_ l, (3)

where the cross-section of the orbithzg object is assumed

constant, and t is a time and to is the time when the

object passes through the center of the main beazu.

Namely tke antenna echo pattern becomes otily a func-
tion of the object altitude.

In order to discriminate orbiting objects, tile antenna

echo pat_tms thus calculated for the altitudes of the

objects axe used. Figure 4 iUustr_te art example of ob-

served echo patterns versus time (sec) (solid curve) mid

theoretically calculated echo pattern (dashed curve).

An autom_tted algorithm was developed to idcutify

echoes from orbiting objects by (omparing the echo pat-
tern with the theoretical ones using the le_t squares

fitting technique. The conditions for decision were cho-

sen empirically so that the result of the identificaticlt
matches manual identirlcation.

So fax we have assumed that the orbiting objects l)a.ms

over the azltenna main beam. Actually most of the o1)

served echo pattern confirm this assumption. Ho_vever
some of the obseta,ed echoes are found to well-fit tile

sidelobe patterns of the antenna, which axe character-
ized by muhiple peaks with no ou¢standing one. The_

sidelobe echoes are not tt._ed ill deri_ng the distribution

,3r orbiting targets shown later, ,_ince their scatteril_g
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Fig. 4. Example of obset+_'d echo pattern
vec_us time (s_lid curve) and theoreticaDy
calctdated echo patt_rll (dashed curve). The

dot-dashed line indicaees ,he backgrcund
noise level, which is subtracted.
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Fig. 5, Example of echo patteln as shoxtla
m Fig. 4, but with large fluctuations in the
echo power.

cross section cannot be measured accurately. (8.) 30-1_AY- ] 98B 12 : II : 52

shown in Fig. 5, wh_e intensities _olently fluctuate -80 H : .I .... I '

• in time. These cases are interpreted as a result of fast _" / _

" i pin m°ti°ns °f n°n-spherical targets" ,_;>_-g0. / '/ 'l

...... i.......... r '_ .......
N-_o0 , /i

-: ii I, , I ]

The meteor trails axe generated in the altitude range
from 80 to 110 kin+ and this trail produces a very strong
coherent echo even for a low elevation sidelobes f the

MU radar as di_us.+ed before. This means that "he

meteor echo effectively appears as if the echo con,es

back from the height raJ__geof our observations.

The meteor echoes are cl_.ssified into two types,
under-dense echo and over-dense echo. While the for- (b)
mer has a relatively small electron density at the cen-

ter of the trail w!fich causes Gnly coherent scattering,

the latter is dense enough to cause a total reflection of

the radar wave. The former echo lasts only a fraction
of a second, like aa impulse, witereas the latter echo "_

builds up sharply within a second and decays slowly

with several seconds as shown in Fig. 6. A character- -_
istic difference of the over-dense echoes from the hard

(D

target echoes is that the echo shape is asymmetric with
respect to the time of the amplitude peak. _-_

5.3 Impulsive noises

The final category of signals exceeding the threshold

level for hard-ta:get discrimination is external noises

which form sharply isolated impulsive time patterns like
the under-dense meteor echoes. Most plaasible sources

-II0
0 10 20

Time(s)

31 -MAY- 1988 06 : I ,5 : I T

HEIGI'IT : I0i7.4 km

-80. , , , , I' +'' I' "

- ioo ........ -_,,.........
, ,1

0 I0 20

Time(s)

Fig, 6. Exampl_ o[ the edm pattern of a)
under-den_, and bj over-densemeteor trails•
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Fig. T_ Exazaple of the time and height
patterns of external impulsive noises.

of such noise _-e the lightning atmospherics and artifi-

cial discharges due to power switching.

F, choes from hard targets show impulsive height pat-

tern adter the pulse de-cGmpr;.-ssiGa operation, which is

to take cross correlation of the received signal time se-

ties with the transmitted pulse code sequence. In co._-

trast, external impulsive noises have impuMve height

pattern beJore the de.compression, so that. the)' show

box-car height patteni of the Barker code itself extend-

ing over a height range of 60 km after the cross cor-

relation operation. Fig,,re 7 shows an example of the

tisne and height patter:; due to impulsive noise. These

echoes call be identified and renmved fairly easily based.

on this peculiar height pattenL

5.4 Percentage of varlous types of de-

tected signals

As described above, .it has been found that the meteor

echoes a_ld impulsive noises are obse:a, ed "n addition to

echoes from orbiting objects.

Also, when an orbitai cbject with a large scattering

sideiobe or _aultipiy

counted echoes 5.8% / others 0.9%
\ /

/ oroltlng \ il

/ ""_''% \ 1 impulsi"e signals \

\ echoes LOre _ /
meteors etc. 40.8% \ /

5/
Fig. 8. Percentage of various types of $ig-

aids dassified by the automatic data process-

ing algorkhm.

cross section passes through sidelobes of the radar, we

get multiple peaks ssfith sra_i intervals in the receiv.-_cl

time pattern. Alt'aoagh they are interpreted as separate

edmes by the automatic selection procedure, they are

later recognized as the echo from identical object by

checking the intervals betw_v occurrence of echoes.

Therefore many of the signals detected out of the

backgraund based on the threshold deternfined ia the

previous section ate rejected by these criteria. The pet-

centage of occurrences o.f various types of signals thus

identified are illustrated in Fig. 8 based on the statistics

obtai=ed from about 117 hours of observations wl,ich

are examived below. It ;urns out that the echoes from

orbit'ng objects are only 12.7% of total signals exceed-

ing the threshold level. Only these echoes are used in

the statistics what follows.

6 Statistical Distribution of Orbiting

Objects

The above algorithm has been applied to the MU radar

data obtained for a period from May 1988 to Jmmary

1989 to obtain the distribution of orbital objects with

respect to the height and the scattering cross section.

Echoes from orbiting objects are detected about once

per two mir.utes.

In spite _f all these rejections, a _ear sign of contml_.-

|nation due to weak m._teor echoes was found in low al-

titude (l;t_.a. Figu:'e 9 lib:strafes the _,lx, or the munber
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xiO.e HEIGHT RANG_ : 30_ - 350Km
NUMBER OF DEBRIS : 21_

"Zs
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Fig. 9. Ex._umple of the local time de-

pendence of the flux of debris at low alti-

tude indicating contamination of w__ak me-
teor echoes.

of orbiting obj_ts passing through a unit area ia the

_eridional pla_,e per year_ versn_ local time of tile day

for a height raalge of 300-350 kin. A diurnal vai_ation

is obvious a.s shown _, tile best fit sinusoids of 24-hour

period. The solid curve is a best fit _ith the time of

tile maximum fixed to 6 LT, and the dashed curve is

obtained witl,-out giving constraint on the phase.

It is hard to think of any reason that orbital debris

shows such 19cal time &:pendence it. a long series of
observations. On the other hand. meteor _hoes are

known to have a clear diurnal variation iu theic fre-

quency will: a ma_ximum at 6 LT, and a milfilmun of

allnOfit no occurrence at 18 LT. Tile magnitude of such

diur:lal variation decrease with increasing height, and

I)ecomes negligibly small above 500 kin. Also the di-

urnal x_diation Call lie foiind only ill weak eeitoes with

scattering c:gss sections close to the detection limit.

_Veak echoes at l_w aititudes are ill fact hard to iden-

tify because of their large angular velocity and smMl

ma.rgin against statistical fluctuations. At a height of

300 kin. for example, only a few sample; are available

for each target.

Although it is vet'3" hard to identify each of these

echoes, it is easy to subtract its effect ill the obtained

distribution; We simply subtract tile diurnally varying

component from the distribution a.ssuming that meteor

echoes have zero occurrence at 18 LT.

Figure I0 shows the observed ileight distrilmtiol_

of the orbiting objects after this subtraction for sev-

eral ranges of the scattering cross section de,toted by

gray scales. The distributiozl shows ma_xima at around

heights of 600 kin, 800 kin, and 1,000 km, which agree

witl: those of the distribution es',imated by r'_ASA based

oll the tracking data of NORAD s. The flux is i-

9_× lO-6/m2/year at this height range. Figure 11 draws

the same distribution versus the scattering cross sectioli
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and the diaaneter ol the equzvaleul cohductmg Sl)here.

The da_shed line denote_ tile nlillirlum observable cross

section at the nlaximtun height of 1,240 kin. The flux

for "..e cross sectioll snlMier than this vahle is therefore

obtaJ-ed from the data of lower heigh: ranges.
If we consider a .satellite of 2 m ill diameter at all

orbital height of arouz)d "500 kill. for example, its theft

collision fiequency with orb;.ting objects ts estit_lated

ba._ed oil the observed distribution to be at)out once

per 7,0}0 years. Althougil this v&_tle liiay giv,- all im-

pr_osion that the probability of collision is extremely

low, it tuttis out that tile frequency increa.ses to about

once per two years wilell a space station of 1 km x 1 kn:

size is corsidered. Since construction of sucii a station

is not uurealistic a:lyn_ore, all extensive survey of or-

biting objects is strongly needed.

7 Summary

Preliminary results of a series of observations made

with tile MU radar to determine height distril>ution of

orbital debris were presented as the first attempt of

deriving the statisticM distribution at VHF. An auto-

matic data processing procedure was first developed to

discriminate backscatter eci_oes from orbiting objects

from those cf meteors or other interferences. Tile height

distribution of the debris showed good agreeme,lt with

that obtained from NORAD data using microwave fre-

quency tracking radars, and has shown that the lmmber

density of debris is Mready high enough to affect future

plans of space stations.
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Abstract

An _curate determinar;on of th-.sizes of orbiting
dcbns objects is e&senzmlto predicting collision r'a,,es,
atmc_sphencdecay rates, and fragmentation taws for
orbiung object..The radar cross secuon (RCS) is
the most common means of esttmaung the s,.ze of

orbiung objects. Howevex, the RCS is prone to enor
due to Mie scattering, compostuonal effects.
geomeu'i_ effects, ubmblmg, and ot_ dependencies.
Opucai mea_._ment methods are theoreUcaHy mtv:h
mort acc_, but necessitate esurnates of l_e

obFct's albedo. This paper examines _'a reL1mon_'Up
of RCS and opucal cross sectionm physicals_e and
m'bedo,and presentsrul_ usefulforquanuzmg the
physical s_ of _ obcc_.

lntroductioo

debris obJeCt implies that theze is a one ca one
retauonshsp between d'te RCS and geomemc size.
In order to _abl_h this cm_tauon a dam set of 200

objects was ob_,.,'_d. These objects have lmown
masses, shaves, iengm and wid,.h.

Aullysis

The se_ sa_llttesaxeassumed tobetum,blmg
m a random manner. The avcntffeprujec_dsurface

are_perpendicuttrtome dUecuoe ofmc_u_, Aeff,ts

givenby

±I
A_/T=4x 0 A(8,0) sinO dO dB (1)

Many models of orbitaldebrishave been built
based upon t_e da_ collected by the UnitedSuttas
5pace Command (USSPACECOM3. The radar
crosssecure (RCS) dam U imm,,.ren from the _e
AN,_-PS-85 phased-allray _ localt_ at E_lim
Force Base m _c_di, This radar opera_ m the
UI_ bind ax 442 MI-Iz and is capable of _g
ob,ec,.s iF'eau_ PJum ,born 8cm_m400
Kin. The RCS values have typic_y beta maid
di_0y as,, me_sm'e o( d_ diamem¢ of ¢b¢ob_ by
ccm_ideri_q_it as a diskof i cx_ss.sectioatlarea
eqtiltolheRCS. Aaalysi_ofl_eRC3 data shows

'mat ranp_sofRC3 typic_ly_m_a factoroftwo,b_t
insevera:tmmaces can nmge up to• flc_r of 10(}.
There me a va_ of _ of d_ fl_ m _
RCS values such as tumb_g motion, corne_

angie of the be.ran with nu;pect to the mrmal of
me det_ surface. In order to assign • uniquerad_
crosssecam _ _ object, it is mus aece_my to ume
average the RCS dam. This process smooths zhe
data and :t is found that o_ tl_ sveaage. _ sa_mdard
dev_on of _,_ RCS is typ,cally only about 15-20%
and is e_mally independent of the Iclx_l RC$
values, Tbe _n_ of ECS _ta _ esmr_te me _ze of

where A(0,0) is q_e projectedsurfacearea as a

functionof polar angle e a,_l azimuthaJangle ¢.

Klmwmg I_ dimer_om a_i shapes of tbe_ _cs
cquam_ (1) ,,as evalu._ m corn.rose me effecuve
pmjecz_ _ea A_f foreac_ob)ect,F_'u,re1 isaplo_

of me mere RCS _ the effecuve area. The
solid line ts the best ie_t _lmUe fit to • powe: law
a_ u ziv_ _

0.767 _.+.048
Aeff - 0.57l RCS (2)

with m R-sqtl_e of 0..574. The fit is not as good as
me might e.xp_CL This could be clue m: (i) me
RC_ data h_g rgX beea c.on_t.cd for Rayieigh
sc,tuen_g, and (ii)becm_ of the al_tn_le._ and
s,'u_ ofzbe objecu, espec_ymose _sm whe_ t._e
satellize objects are gravity grtdient- o_"
aemdymmu_y._abtliz_ and eros pmu_ a pmject_
cn_s mat is different thal_ mat _c,,dated by equaucm
{l).Ev_ience o_ I_can be seen _/the fa_t mill the

_ of RCS valttes ts _ _ and
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by ¢te _ thst for tze vtiue of Aeff "azreis
slzead of RCS values of idmnt three. It difficult to
see why there Ls a factor _f almost 2 between the
U$SPACECOM RCS values and the effective

area. pamc_larly for large RCS values that &,e
outside ti_¢ Mte scattenng region. Potter e t
a/(1988). Lm_ an analys,s of data m Ore olmc.tl and
mfrared regtonL als.3 have indicated bat there is a
factor of be'we, n two ant! four between the size
determineA from opucxl and radar mcxsurements.
Gaposchkin and sndharan(1988) lavere_ned that
the Eglin radacval,_es are systenmucally large by 2.3
dB. This corresponda w a factor of i .7 and will
bring the muRiplicative coefficient in equauon (2) to
airao_t one. "l'hu_ Me mo_ ldgely expiation of
the differea_ _¢twecn the RCS values as a surrogate
fc: the effective projected area is in the
USSPACECOM RCS values

)_0° I °I

,ooo_

i igO

0 )o
M)

o o+

0t

:?.: •
lip

.'111 - - : ...... " .......0 I o4) IO.M llO00

IIEJ_I _ OmO_+-SEk-nOl+ ll;

Figo¢ 1. A plot of the ¢ompuurd effective area
Ira21 as afunc,wnofthe ame-awm#ed mum radar
.,rosssecaon¢RC$}Ira21. AOl_o_'iattml_s lcrthe
time=c_l_l_denl RC5 were e._racte.d from

USSPACECOM Satelli_ $_e C_r ($$C)
catalofs from the period 1977-1989.

We thin comlude that the mettm_ RCS values
me high by • factor eL 1.7 _ _y the itCS
valaesare maled dowe bytbisfa_ar. Thedelms
flux vert_ Uze _ tlm_ take thb iam tvumm.

Site aid Shape l_termL_attos
from Optical Data

Work ix ct,xtemly _y at NAS&qohnum
Space Center to qtttat_ me m_e.dependem atmcal
ctms sectioa of s_ace debmtnd m _tscenam

',heaceud physictl shtpc of debris ob_.cts. Th,,
work will &idm mm,lpw_LngLt',eradar crosssecutm
CRCS) of space otel)ris, and also will be _ in
modelingthe physical c_:acumstics of debrisin
ixo._.cuve e'_;vu'onmentalcomputer models s_h as
NAS.A/J'SC's EVOLVE _r_glvan. While such_u3
esUl_._te Oeces$i_ic3 ,_S::.'q. ptiOr_S conccrfling the

_bedo and generaJ_ed shape of _: object under
scruuny, one may use stattstica!ly.slgni_zant data
an_or functions to handle tl_e quanuues in a_
a_q_q_ IThafffler.

Ca[_t-,gciolll et al. (1984) have examined the
shapedasmbuuonof asmroid.sand hypervelocsty
impactfragments and havefound tiicm bottato be
cbaractertz-.,d in general b) ellipsoids with a G_assian
-£i_mbtltion about rneamaxesof 2:',/2:1 t_mo. No
identifiable work has been done to similarly
charactertze the shape d_stribution of explostorl
fragments, although the majonty of on-orbit
fragment_om are judged _o be expiosioa-related.
_or_, allftrdmr work willassume thatthe

shape distribution of explosiou fragments will
apta'oximate thttt o_ hypervelocity impact L,agmems.
If one establ_he_oin the standmd spherical

coordume system _,O,#), a gener,dize_! ellipsoid of
semm...ajoraxis • aad semimmm axe, b and c, then
_._ pmje,cm:l aeea wire mSl_t m _ obse_ mmomml
at (O,,) is given Oy:.

o = t [ctx:os2e+ aCecosT.e-, cs_n2_)sin2e]. (3)

Here.theacgle_ 0 and e at, run,trams of the

Eule.mm an$._ (OE.OE._E) reiaung the ellipsoid's
frame of refemme _othe _ ot_erve_s m_xr.mmc
frame of refataue. Time dependetr.e is mummed
by angular rotations m the Eulerian angles

After Heni_e, the tea may be .-eLtte_to the flux
m:ave4 at tbe tem_ b_

0

F"_@, (4a)

where

@ -, _._ [sime + (_ - #o)cos_], (4e)
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Ik ,

_d A _s _hc debris' _lbedo, r is the _rmor._a_et

range, _s is L_ Wojcc_,,d area. and eo is tl_ $o1_

pbdl_ angic Tt'._ lal_r three quar.utjes are a',l ume
dependent. .Mtem_ely. one may expre:._ the
debris'tnagmtude as a funcuon offlux/areawltnthe
relz.non

rn = -2.51og10(F) ÷ MO, (5)

where F is as dehned at'ore, MO :s the Solar

magn'tude (.26.8), and mts the magn:tude of the
debns object. Thus. one may characterize the s_ze
of any debris object by ten parameters: the aibeOo,
the Euler rotattonangles,the Eulerian angular

rotauonrates, the semtmajoraxis, and thesere:ram,or
axes.

Severalcaveats musl be considered m

qu_mfying the albedo of satellite objects.Biasing
may be muroduced in_ any albedo ctLsml_aon by the
effect of sI_ular or diffuse _eflecuom off the nm_
regular surfaces of actual spacecra_ rocket bocties,or
debris; for example, a polyhedral s_t's light
curve would exhibit pmodic changes m magnitude, or
""fla_ing'. due w reflecuoes offthesurface'sregular
facets, wh;de &,.her facets would remzzn uniHumkn_0ed.
Thus, the true optical effecuve area would be
s_t!er than the co_F.aed effecuve area presemed the
obse_'er, wtth the result that the cornpu_d alt)ed_
would be too low by a ratio of the opt,-caJ
secuon to the gezmemc cross secure. Assuming
tumbling object, a time-dependent optical cross
se_uon analysts would _ Io remove tl_ bttsmg.

Cut_mtly, tt_ program is expected to pmsseut
through three sups. The fun of these will revolve
tim c_.,r,m of smndated tight curve (mal_mde) dm
and _ dec,c_volu-'-m of the _ shape using the
algon_m described above. _ _ of
will validate the aI|otitlml and allow the
opumizaUon of the de,convolution technique.
Seonedly, it is emicilmmd ttu_ _ curve dm ft_n
obse.,'vauons of satellite objects of known
geometry, e.&. Ceemz mc.Jr_t_ or e!fipsoida/
COSMOS-series samF!ims,will be obtained from,
various gmtmd.based _msot_ m as to provide •
finalte_t Of the l£chntque. The Splice Object
Identificauon (SOl) telescope at RCAF St.
IAargarets,Canada, _nd NASMJSC's Charge

Coup!ed Device Debm Telescope (CCDDT) ire

candidatesensors. Finally,ae,lms objecu willbe
examined by _ sensors and the debris' shapes
0e_ by the opamized 5econv_,_m mr._.mque.

Cor.clu$io•s

Ba_ed _ the tm0yses described _,bove, s_ ts
posslUle to ,'r,aXe sever_ gene,,'ffil s_temcn_ al_uc
debris anci .x_'J.i_ objec_

(1) ',.he Eg)in RCS values are systematically large
by a f_tor of 1.7 (2.3 dB). Cor_,.puted effeceve areas
and observexl t,me averaged RCS values may be
recufied b_ scaling t_,e RCS by u'xisfactor;.

and

(2) g_ven appropriate. RCS scaling, and aaa
albedo di_mbuuc_., -he diameters de,_rrn,n>_l from

the RCS and ',_osedetermi.necl from opt:ca!
mcasttr_r_ntsrna_bc ,_c_nctlcd.

Finally, time-dependent analyses of o0u_l data
ate being tead_ed, so as to complement the t_me-
dependent radarcross sectionanalysts. The results

of rinse ana}yst_s,_c'_41dbe included ir_ compur_.-_
modeling of the on-orbit envarmunent.
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RADAR MEASUREMENTS OF DEBRIS SIZE

D. Mehrholz

Research Society for Applied Science (FGAN)

Wachtberg-Werthhoven, FRG

Abstract

Explosions and collisions

in space are the major source
of man made orbital debris.

They pose a hazard to large

spacecraft planned to operate

for long periods of time. For
risk assessment and dimension-

ing of a shielding the size,

shape, and mass of impacting

space debris objects must be

known. The paper discusses

features of spaceborne objects

which can be assessed by ra-

dar, describes analysis meth-

ods used to derive physical

characteristics of space de-

bris and shows some prelimi-

nary zesults. The aiscussion

is restricted to ob _cts with

dimensions larger than 2 me-
ters.

I. Background

There is currently re-

search under way to develop

improved shielding for space-

craft against hypervelocity

impacts. One problem is that

size, shape, mass, velocity

and impact angle have signifi-

cant influence on the effec-

tiveness of the shield. In the

absence of any data as to the

true size, shape, and mass of

orbital debris solid spherical

particles are commonly used in

laboratory measurements.

In order to improve this

situation radar data from

space debris objects can. be

analyzed to derive size,

shape, and mass. These data
can then be taken as a general

guide to specify the physical

characteristics of projectiles

for hypervelocity testing of

shield material _

Another problem is that
the radar measurements will be

made of much larger size

objects to satisfy the radar

energy budget. Therefore

assumptions must be made to

extrapolate the results down

te small size impacting ob-

jects.

II. Space Debris Features

The following features of

noncooperative spaceborne ob-

jects can be assessed by
radar :

- orbital motion,

- orbital lifetime,

- radar-cross-section,

- intrinsic motion,

- size and shape,

- mass.

At FGAN the radar data

needed are measured with a

high power radar system. This

system consists of two mono-

static coherent radars sup-

ported by one 34-m-parabolic

antenna (Fig. i) : a narrowband

L-band tracking radar and a

wideband Ku-band imaging ra-

dar. Both radars operate

i

J

Copyrisht © 1990 American Institute of Aeronautics and
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simultaneously on the same ob-

ject.

Target acquisition and

tracking in angle, range, and

DOPPLER frequency is perfor_.ed

by use of a monopuise system

and a signal processing con-

cept which is based upon mod-

ern correlation techniques. A

pulse compression method (bi-

nary phase shift keying) is

implemented to achieve suffi-

cient range resolution. Since

the search capability of the

tracking radar is limited,

some information regarding the

position of the object of in-

terest is needed. In case of

space objects these data are

computed from actual s_ts of
Two-Line-Elements.

The signal processing

concept of the wideband imag-

ing radar is based upon the

deramp technique. The trans-

mitted pulses are linearly

frequency modulated. The modu-

lation is generated by digital

means and after D/A conversion

multiplied to get the effec-
tive bandwidth.

III Preliminary Results

In the following some

preliminary results are shown,

highlighting the analysis

methods used. The selected ob-

3ect is known as fragment of

the LANDSAT- 3, catalogue

number 12201, international

launch designation 78 26 AS.

Orbital Motion

Orbital motion is the

motion of the center of mass

due to KEPLER physics. The

prediction and determination

of the orbital motion is based

on mean orbital elements

according to the theory of
BROUWER and LYDDAi_E. The ana-

lytical solution of drag-free
satellite motion allows fast

realtime prediction of obser-

vation vectors (direction

angles azimuth and elevation,

range, and range rate) as well
as of mean orbital elements

for radar system control. For

a thorough analys_s of the

orbit numerical integration of

the motion equation is used.

Orbital Lifetime

The method used to pre-

dict orbital lifetime of space

objects depends on an approxi-
mate solution of the LAGRANGE

planetary equations for the

semi major axis and the eccen-

tricity. The accuracy for
short-term and medium-term

predictions is said to be ±10%
of the estimated lifetime with

the following assumptions:

- intrinsic motion does

not change,

- configuration does not

change,

- no manoeuvre, and

- no abnormal development

of the high atmosphere.

Fig. 2 shows the mean

motion n (KOZAI, measured in

1/day (d)) versus time of

object 12201. The first deriv-

ative read from this plot is:

= (6°6 ± 1)-!0 -6 I/d 2.

The expected orbital lifetime

is greater than i00 years.

26_



Radar-Cross-Section

The radar-cross-section

f_rS) is computed in _Bsm

(decibel above one square me-

ter) from narrowband L-band

radar da+_. In the cas_ of

convex objects (e.g. spheres)

there is a useful relationship
between the mean RCS and the

average reference area which

is responsible for drag ef-
fects. Radar calibration sat-

ellites (e.g. RADCAT, spheres)
are used to control the accu-

__acy of RCS results.

Figure 3 shows a L-Band

measurement protocol of object

12201 from 17 January 1990. It

contains the RCS plot versus

time, the observation scene in

a azimuth projection, range

and DOPPLER frequency versus

time, data of the closest

point of approach, and some

other radar data. The measure-

ment protocol is used to

determine left- or right-hand

pass types, and to aid in

visualization of range, range

rate, length of tracks, and

look angle changes.
For the actual case of

object 12201 Fig. 3 shows a

maximum RCS of 20.9 dBsm, the

mean RCS is about 8.3 dBsm

(calibration is 0 db).

Intrinsic Motion

Intrinsic motion de-

scribes the behaviour of the

object with respect tc a
suitable chosen reference

frame with its origin in the

center of mass. With respect

to space debris in many cases

the intrinsic motion is a more

or less complicated rotation.

The rotation period of a fast

rotating object can often be

estimated by simple means if

several perlods were observed

within one path. The RCS plot

in the measurement protocol

_sually gives the first hint
about the kind of intrinsic

motion. In case of object

12201 (Fig. 3) rotation is not

recognizable.

Size and Sha_

The estimation of size

and shape of a spaceborne

object is, apart from a few

exceptions, a rather difficult
task_ Even if one is satisfied

with a crude estimate, e lot

of observations and sophisti-

cate,_ analyses are necessary.

The p:esent analysis of nar-

rowband and high resolution

radar signatures of space

debris include merely at FGAN:

- Some interpretation of

narrowband radar signa-

tares, e.g. indicators

to specular returns and
characterization of the

underlaying p_tcern of

fast rotating objects,

rotate.on period, maximum

RCS, mean RCS (Fig. 3)

- Minimum dimensions de-

rived from range-pro-

files which were comput-

ed from high resolution

radar data (Fig. 4)

- Two-dimensional scatter

center distribution

computed from high
resolution radar data.

The method is based on

the range -DOPPLER- imag-

ing (RDI) .principle

(Fig. 5 ).
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For the last two cases

one has to keep the following
in mind: When the orientation

of an object is such that the

radar line of sight and the

object longitudinal axis of

sy_etry are not aligned with

one another, the computed

_,blect dimension in slant

direction represents a pro-

jected length rather than a

true length. Cross range
dimensions are not affected.

For computing the true dimen-

sions the object motion (orbit

motion and intrinsic moti3n)
must be known.

Figure 4 shows a sequence

cf range profiles from object

12201. The slant range was

about 1186 km e range rate is

about -0 o 5 km/s, and the

elevation angle is 47 degrees.

The minimum object dimension

in slant range direction for

this viewing perspective is

about 3.0 m. There are strong

mndications for extended range
returns. Such echoes are

caused by multiple reflec-

tions, resulting in a multi--

path delay in the signal
reflected back to the radar.

These delays are interpreted

by the processing software as

scatterers having a greater

range extent than those of the

actual scatterers.

Figure 5 shows a sequence

of wideband radar images of

object 12201. Each image re-
sults from the compression of

about 140 range prc fi los,

spanning the necessary syn-

thetic aperture. The resolu-

tion in slant range _irection

is 0.25 m due to 800 MHz

bandwidth and the selected

weighting function ,_HamJning).
In order to achieve a cross

_. _ -1 _- ._range re_-o_u_-.on of the sa_e

order (using the s_.me weight-

ing function) a synthetic

aperture angle of 2.76 degrees

was processed ( intrinsic

motion was neglected) . The

above mentioned spurious range

returns (due to multiple

reflections) are visible in

all images. From these images

the minimum, object dimensions

are roughly 2x3 m.

Mass Assessment

In cases where sufficient

information regarding the

average reference area (size,

shape, and object motion) and

the drag coefficient are

available the mass of a space-

borne object can be assessed.

Knowledge of size, shape: and

object motion are gained from

analysis of narrowband and

high resolution radar data.
The ballistic coefficient is

estimated from the first de-

rivative of the mean orbit mo-

tion and by using an air mod-

el. The accuracy of mass as-
sessments is in the order of

10% to 20%.

The ballistic coefficient

for ob3ect 12201, computed

from the first derivative of

the mean motion (Fig. 2) and

by using the CIRA-72 air

mod__l, results _n (0.02 -*

0.01) m2/kg. An assessment for

the average reference area of
(5 _ 2) m _ _as ca_cu.ated from

the mean RCS of several pass-

es. Assuming a drag coeffi-
cient of 2.1 this results in a

rough mass estimate of 525 kg

± 50% for object 12201. The

unc_:rtainty of this figure in

this case is mainly due to the

air model.
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Fig. 3. L-Band Measurement Protocol
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NASA DEBRIS ENVIRONMENT CHARACTERIZATION WITH THE
HAYSTACK RADAR I

J. U. Beusch and I. Kup_sc2
Massachusetts In_i_Jt.e of I-ethnology Lino0_n I_uboratory

Lexington, Massachusetts

Abstract

This paper describes the potemial use of the Haystack.
Long Range Imaging Radar and its Aux,lian/Ku-band System
to help cha,-acterL_e the space debris env;rcnment. The
fvndamental radar sensitivity, issues ,'or small object detection
are reviewed, and the unique Haystack suitability for this
radar application is expl_;ned. Initial test results in
preparation for future rr_asurements are briefly described.
A low elevation geometry, for space debris d_ection, which
can provide NASA with timely data, is introduced. Tbe
plannecl processi,"Kj, real time and post mission, for this
geometry is delineated. The Ku-band auxilia_, a Near Earth
Assessment Radar (NEAR), is also introduced =,'¢1 the way
its measurements will contribute to the space debas
characterization _ is discussed.

L Introduction

The Haystack Long Range Imaging Radar (LRIR) is a high
power X-bar_l radar wi_ich is uniquely suitable for detecting
sin,all space objectswithlow radar cross sect:,on. The recent
increased interest in ct_aracterizing the space debris
environment ra_l the _::_ssibility of usii_:j the LRIR for this
purpose. This interest stems primarily from NASA's need to
define the shielding requirements for its Spaoe Station
Freedom. Since the LRIR is an operating r'<..<larthat could
provide such data in time to influence the space statism

design, it became a serious candidate for this application.
We have developed a plan for a quick outfitting of the LRIR
for r_easurements in _ hdure. The plan consists of minor
hardware modiflcatK_ns, real time software mo,dificat_ns,
evaluation tests, and a special data collection geometry.

While the LRIR collects the initi_ debris data, the Ku-band

Haystack Auxiliarf will be constructed. This adjunct system
will later supplement the LRIR del_is data collection. The
new system, a Near Earth Assessme._ Radar (NEAR), when
completed, witl collect debris data at low altitudes where
sensitivity is less of an issue. Its broader beam will help
reduce the number of hours needed for collecting a
s'Jfficiently large data sample to validate the space debris
distribution model, and its _urements will complement
those of the LRIR.

Section I! of the paper describes the basic capabilitc/of ,'he
LRIR. The fundamental problem in detecting sma!l objects
is described, and the undue capability of the LRIR is
underscored. In Sectio_,t Ill we introduce the processing of

,*he rada,- data and initia_tests r_3sults. A oe_.cri_ion of ho_,
th_ special need.'..;of the NASA space st_;on _,_1be satisfied
using data collection at low elevation is presented in Section
IV. Section V introduces the NEAR and describem its use in
combination w_n the LRIR to provide high and I,"JWaJtit¢_de
data. T,hese data are essential for the corroboration of the

debris spatial distribution model.

!1Haystack(LR!R)._rt_

The fundamental problem fa_ng a radar system designer
when sizing a radar for the detection of smafl objects is how
to estimate the radar cross section (RCS} of the objects. In

,'he case of space debris _is is further exacerbated by the
lack of knowledge of .the possibie shape and size of the
objects. In thi_ case the. radar must be ready to handle a
wide dL_riloution of shapes and sizes and a large variety of
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_'_Jaure 1. Radar Cross Section of a Sphere es a
Function of Its Diameter.

mamdais. ,tuch insig.ht into this problem can be gained by
first considering the RCS of a sphere, which is known
precisely and _ understood very well. Figure 1 presents the
RCS of a sphere as a function of its diameter for three radar
frequencies. The X-band curve illustrates the three typical
regions. For diameters above 40 mm, the optical region, the
RCS is given essentially by the proje_ed area of the sphere.
The region below 10 ram, where the diameter is smalle_ than
the wavelength, is k.'K_Nn as the Rayleigh region. In this
region, the RCS is much smaller than the optical cross
section and it behaves as (kd) 4. Hem, k is the wave number

and d is the sphere diameter. The middle region, belween
10 mm and 40 ram, is known as the resonance r_jion. This
region is characterized by an osdl;atory b_havior. The

'This work was spc,_sored by Department of the Air
Force under Air Force _',ontract F19628-90-C-002.

2Members of the te_hn;ca; sta;'_

Copyright © 1990 American Institute of Aeronautics and
Astronautics. Inc. All rights reserved.
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resonan,_e effect results from wave propag_ion around the
smooth sphere su_. Th_ type of c_eeping waves can be
supported only by well defined smooth s_Jrfaces. For space
debris applications where the object shape is arbitrary the
resonance effect can be disreg_dPd, and the average RCS

HAYSlACK LRIR SYSTEM P*,F_aA4ETF.J_

FPEQUENCY 100

PE/_K POWIFR 4OO _w

AVERAGE PO_VER 14C kW

PRF 30- 1350 pcs

BE/U_,_/IOTH o0_ deg

I:___AHLT_TION R_ ind Lelt C4f¢¢4_

SENS_IVnV _ dB S_i

(lm= _ 10_) I_!)

ANTENNA DIAMETER 36m

R F FFED _ Tr_lung Feem

TABLE |

value can be used in sensi_ calculatio_ns. Figure 1 also
illustiates that for typi¢_ L-t_nd and UHF rad_" frequermies
objects smaller than 30 mm in extent fall in the Rayte_h
region and have a small RCS. This explains v,hy such radars
are not suitable for d_ectir_ very s,,'v_Jiobjects.

Anothe," issue of concern with respect to the RCS

estimates is the effsct of fading. In the Rayleigh regic, n,
fading does r_ takP "¢1ce, simply because the size is f_Jt
large enough to produce the required phase difference
across the object. For din_snsions larger tha_ the Rayleigh
region fading in ,'he RCS may occur. For such objects, the
fading effect is mifi.gated I:_ the fact that _ fades are relative.
tca larger _.verage RCS a_0ciated with th6 large; siz=,. In
addition, the concern about fading c_n be further relaxed
sinc,. = the chance of a perfect _de. in reality', is small. This
combination, larger average RCS and moderate fades, is
expected to be I_neficiai to ,'he radar since the minimum
RCS encountered during f3ding will be comparable to the

1.0

,,, 0.1 -_/_ _m _ -__-_

i 0.01

0001 f', , , , , ,
600 1000 1400 1800 2200 2600

ALTITUDE (kin)

Figure 2. Comi_dson Among Candidate Radars
for Oebds Detection.

RCS oi the smaller, Ray_eigh re<j;on, object, in general,
however, one must, conclude that a goocI understanding of
the effect of fading on radar performance in space debris

The ,Jsua! cort_usion fi'om the -,=d'_ovediscussion is that the

radar design should concentrate on a shorter wavelength.
Thi_ wouid plac_ the small objsc_ RCS out of the Ray_igh
region. This argument ._ co,qect from ar; RC_ consideration,

is net suppo_led by the state of the art of technology. At
the sno.,tar waveieng_t_s, high RF power output is hard to
realize ard large antennas are expensive. The n_ result is
that the realizable i:>_wer aperture woduc_ Ls low. The
Haystack LRIR _ unique in this respect. The LRIR offers a
combi,_ion of a relative short wavelength, h;gh RF power,
and a large arrtenna. Table I describes the system
p_ame_,ers of the LRIR.

Figure 2 prese'_ a compariso_'_ ot the space de_:_s
detection performance o' typc.al S_:e Surveillance Network
rad_,a_. The chart covers frequencies from VHF to X-barci.
the overwhelming adv&ntage of the LR_R for object_ k_=s
th_q I0 cm in size is dear. The curves were generated for
a 14 dB single lOUiSe signa_to-r_r:_e ratio.

L[_IR MDS _ ALTf11JDE

ALTITUDE PULSE M D S
(krn) (reset) (_)

560 1__6 -70

1000 1.26 -58

15OO 5 O0 -55

2000 500 -51

2500 5.00 -46

TABLE II

The Haystack LRiR has a wide repertoire of wavef¢rrTts for
space debris data _,ollection. Initially, the _ waveforms are
preferred for this application because they I'_.ndle long range
windows with _ small number of samples resulting in less
wocessing time. Table II weserds the Minimum Detectable
Signal (MDS) for the LRIR CW waveforrns. The Table slx:_w.,
the radar Sensitive/of these waveforms and demonstrates
their suitability for covering low and high altitudes space
debds data col!ection.

III. Debris Detection Experiments

In preparation for the debris data collection fo_ NASA, wo
have conducted experiments to validate P,,e LRIR sensitivity,
and to gain experience in observing sm_l space oDjeCts.
These experiments were supl:x_ed by an older data
processing equipment, but subsequent data collection will be
processed with an upgraded system, the Processing and
Control Sy_,tem (PACS). This new s_,_tem will provide
monopuL_-e data in all range gates, a necessary requireme_
for debris data collection. The _J_e of th,s monopulse data
is described in Section IV.

To test the sensPJvity of the LRIR the Lincoln Calibration
Sphere, LCS-4, which has an RCS of _ne square meter, (0
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dBsm), was tr,:Icked. The signal-to-noise ratio was estimated
at a fray points _ the tra,:_ at various elevat_n angles.
This th_n prox,_J_ also a n_..asureme_t of the loss of
sensitivity as a result of am,K)spheric al3soq_ion losses at low
elevation. Figure 3 _K)ws a sample pulse re_um _t 3115 km
and 55.3 ° elevation where the signal-to-nc_se r_tio is
estimated to be 36.3 dB. This vaJue _ to 5_ dB at 1000

km afteradjusting for its actual t:ar_smittedix)wer level

duringthisex.r_eriment.This isthe expected sensitivityunder

Ra_e 311Skm
-10

E

_-_

-30 ' I .

-4O

-187.5 -100 0 100 187.5
RANGE RATE (m/sec)

FIgu_ 3. Radar Signal Return from • t m2
SalellP.e Sphere.

the optimaJ cocKMi_ fo¢ the LRIR 1 26 rnsec pulse. Atthe
other high e_va_:)n rrmasurem_nt point3, the results also
agree with t_e expected radar performance. Less than 1 dB
variations along ,the track were observed. At low elevation

atmospheric losses reduce the sen¢_,. These losses
amour_ to 2,9 dP_,-_ 5 ° elevation.

In the preliminary tests to observe smafi space objects the
radar antenna was pointed ,_ zenith anti the 1 26 msec pulse
with :_25 KHz IF filte_ were used. This choice of filter

• LTITUDE (l_n)

\ _2,_o" '6/ ." ,//

_1 PRF=SOHtz

Figure 4. Loci of Nl_lx_ of Hit• as • Function
of A|titude for the Hays!ack Antenna.

rec_uced the number of samples to allow recording of the

digitized data for non-real-time(post mi_) processing.

The output of the IF filter was cohere_ly dmectsd au_d
digitized. The reminder of the p_o,'J_sing was then
pedormecl in the computers. In order to estimate .the offset
from beam center,which isneeded for caSbrafingthe post

miss;on prcCessir_, a _ot sh_,_ng .the expected number of
h_s as _ functk'_n ot altitude wa._ woduced. The plots are

shown in Figure 4. Each curve rewements the _ocus of points
_t various altitudes and offers with art equal number of h_.

The po_ missio_ processing consisted of passing the
recorded digitized data through a bar:k of soflware Doppler
fiffe_s. Figures 5 and 6 show rapreserCative outpu_ of this
processing. Figure _ shows the output pulse of the matched
filter. Figure 6 shows the Doc_ol_=r spectrum of the
corresponding range bin. The RCS value was corrected for
the estimated beam _ ios,s.Since there were no ott'_

0erections around this time for this range, it was concluded
th_ this event indeed mores.ants = small object. This
pa,,ticular object ha:, a radar cross section of -45 dBsm and
was deteczecl at _ _Jtit_ of _',47 ;,_n.
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m
_ ..60-
u_
o
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-80 r ' •

o _ _ooo 1_ _ _ 3oeo
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Figure 5. Pulse _ of a Detected
Small Object.
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Figure 6. Doppler Respcmse to Small
Sl_ce Ob_ct.

N. Low Elevation Debris Data CollectionforNASA

The simpte_ geometry for debris data coile_on is
obtainec_ when the _._enna points at zenith. For this
geometry, allman-made debris in orbits with an inclination
angle greater than or equal to the geographical latitude of
¢,ho ra_ will c_oss the beam adrnost perpendicular to the
radar pointing direction. Since. Haystack is locked at 41 °
I_titLK_e, debris in orbits with inclination angles less than 41 °,
wh;ch L_ aLso of interest to Space Statk0n Freedom, will not
cross _P_bez_n when it points at _en_,.,th.In order to sztisfy
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NASA requ,ren)ents for data oollect.ion at lower inclination
angles, down to 28 ° where it is believed ,'he debris
population peaks, we. proposed to point, the antenna at low
elevatior_ and due south. The Haystack I_RJR can detect -40
dBsm targets at a range of 1700 kin. Therefore, when
pointing at an e,evation of 10 °, it can collect debns data in
o_its down to 2.8° inclination angies. This geometry and
capability are iflustr_ted in Figure 7.

The detection event rate depends on the debris popuiation
and on the radar's sens_ivity and beam width. Specifically,
the event rate is proportional to the surface area of the cone
defined by the beam. The geometry of the low elevation
collection mode place_ a large beam area in a range _f
altitudes where there is a great interest in the debris
population. This will increase ,*he detection ever_ rate.

_C__INAnONANGLE(_;)
318 34 31 28 25

.o i
i R=ql=- Io0o_ RItp- 1740km
I___

300 600 900 1200 1500 1800 2100
GROUND RANGE (kin)

Figure 7. Inclina!lon Ind Altituu_ Coverage as
I Function of Elevation Pointing.

The low elevation data collection mode places special
requirements on the signal and data orooessing. When the
beam points at zenith the expected Doppler soread fo, man
made debris is small since debris, in approximately circular
orbit, crosses the beam almost perpendicular to the po_ing
direction. For the lower elevation mode the range of
velocities can be from -7 km/s to + 7 km/_. This req,-ires,
at X-band, a 1 MHz IF filter and a I MHz sampling rate.

Jl I -

,- 1

DeemOemc_lo_

- K OUt _ N

Figure 8. Block Diagram of the Re_l lime
Processing.

Since we plan to sample a relativ_.ly large range window,
1200 kin, this mode of operation will produce a high volume
of digiti2ed data- Every 90 seconds the amount of data

generated in all fo_l channels, two orthc_jonal circular
polarized channels and two angle channels, will fill one high.
density tape. This is prohibitively high and, thus, it is

impractical to record all the raw data. Instead, the data will
be processed in real time, and only pulses where an object
was detected _11 be recorded. This will resu',_ in a substantial

reduction in ff'e volume of recorded dat_ The expected
event rate is about 5 per hour. For each event the number

of recorded pulses is at, most 32. This results in record;,'_
only 180 pulses a_ hour compared to the 180,0C0 pulses
transmitted, a 1000 to 1 reco;ding reduction. The reduced
set of data wiit then be f,urmer analyz_t.

Fig_re 8 pr_,ent_) a block diagram of the real time
processing. Fotiowing the &na!og to dig;'tal data converters,
a data managir_ card is pla_ Its functionm all(_vthe

system tG process relatively _arge range windows and to
proces_ ovedapping raqge gates in this _ange w_ndow The
progressing of overlapping range gates results in denser
range sampling which yiel_ts a more uniform response
across the range window and reduces the processing loss to
less _an I dB The s_¢i_ FF'F Wocessor of _e PACS
performs, in _! time, the required Fourier tra,_s_mations in
all four cha_nelc,. The alma then pass to the _ array
processors, where target deteczion algorithms are
implemented. A few detection algorithms wll be
implemented. Ali single ,ouls_ data threshold c_ossings for
all rajr_ge gates across the full Doppler spectrum will be
registered in a table. At the same time the array processor
wil_ keep a ,-_3n-coherent running sum of 10 to 24 pulses.
Detectionc_ite_ia wiI!be appliedto the non-coherent sum and
to the single p_ise thms,_o|d crossing table. Only pu_ses tt_t
pass the detection, criteria willbe recorded.

............../

Flgure 2. dlustr|tion _,f Beam Crossing P_lh
IElllaate.

The recor.de_l data will be processed post mission. The
PACS will provide monopulse aata for =1 range gates on,
each recorded pulse. The individual pulses wi;I be recorded
whether dete_on required a few pulses or a single pulse.
The single offset for each pulse will then be _omputed. The
direction of the tra,,erse motion and the angle rates will be
calculated from a linear fit tP. _,s dat_, as illustrated in F_ure
g. The r_=mge rate wili be obtained frc_n the Doppler
measuremerrt. The, comb|nation of the. ,ange rate a_d angle
rates v_;ll yield th_ direction of _avel. In addition, the au-_c31e
offseis will be used to caliD|atO _e single pulse RCS
estimate. This ,uillyield an estimate of the average RCS and
a short remora of RCS scintillations. In some ,,:as_.s a spin
_ate for the debris piece could be es_mat_cl from this data_



V. Role of the NEAR in Debris Characterization

Just as the Hayrack LRIR was originally designed for
other applications but is well surfed to space debris
measure-_ent,% the NEAR is being designed for a variety of
a,op!ications, and it will be v,_ll suited to space debris
mea_uremen,_.. Reference. to Figure 10 which presents the
RCS of a sphere for Ku-band in addition to the information
sho_,_ in Figure 1, indicates that ,.*heRa_,deigh region exists
on!y oelow a sphere diameter of 6 turn; therefore, Ku-band
is potentiaiiy even more attractive than X-band for debris
measurement, provided sufficient tr:__nsmitter power, amenna
size, and receiver capability can be achieved Table '1;
descri_ the design goals for th_ system parameters of the
NEAR.

HEAF_ S'YSTEM PARAMETF-_FREQUENCY I_.7 GHz

PE_K _R 160kw

AVEP_3,E I=OW_R 16 kW
PRF 30. 1350pps

BEAMW_TH o. I$

POt_ARb_.ATm0W R_ _ _
SENSITIVITY 36 d8 SaN

I (1,';Jz @ IU00 iim)
,mJNTENNA _'_I"ER 13 m

R F I-EED FeedU,:nop._ Track_l

TABLE I1!

The tf,=nsmitter wiU consist of two 80 kW peak power
wideband Trave!ing Wave Tube (TWT) amplifiers under
devetopment by Marian Corporation. These tubes are
i,nproved versions of the LR|R ampli6ers; they are al_,,o a
direct enhancement o_ the wide bandwidth Ku-bac, d tdbe

shown in Figure 11, recently developed by' Varian for MIT.
Lincoln Lab_ato,_ fer another system. For debris data
collecbon and many otr_er applications, maximizati_l of
transmitter p_,,ver is a desirable goal.
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Figure 10. Radar Cross Section of a Sphere as
a Function of its Dtatlrmlelr.

In comrast, the antenna design for the NEAR represents
a compromise To operate the NEAR at ;ow elevation as
described ;n Section _.V,would require a ve_ lar_,e antenna.

However= since the LRtR is available to cover tow elevation,
the NEAR can restrict n's debris da_a collection role to high
elevation. In high elevation, the broader beam afforded by
a more moci_'t 13 m diameter antenna p,ovides coverage of
more of the debris population per unit time, and still ach;eves
sufficient gain to oetect sma!_ objects.

When the NEAR becomes available for operation in conc_en
with ,*he LRIR, s_.ct'= wi!! cover its own region of elevation,
high for the NEAR and low for the LRIR. Each radar will
provide a separate b_;t complementary set of d_ta to be used
to estimate parameters in the models of the statistical
distribu*.ion of, space debris. Here too, it should be
reemphasized th_ when the radar is p_inting at zenith, on!y
debris with an orbital inclination of approximately equal to or
greater than the latitude of the radar v,_ll pass through me
beam. Therefore, either continued use of .*.heLRIR in

Figure 11. High Power Ku-ba_O T_aveting
Wave _ube (TWT).

conjunction w_ the NEAR over the longer term or a low
latitude radar wilt be required. In fact, even when the low
latitude radars discussed in other papers in this session
become available, it wilt be desirabie to continue some
measurements on both the NEAR and LRIR because of their

ability to sample different aggregates of the population.
Finally, measurements wi_,hthe LRIR at high elevation will be
useful in characterizing very small soace debris and/or higher
altitude debris (in high inclination o,.b_ts).

Vl. Sum.______

The paper des_"ribed the. use of the Haystack LRIR radar
and its NEAR auxiliary system to character¢e the space
debris environment fcr NASA. The fundamental issues in

small object detection were described and the advantage of
the X-ba,'_J Haystack in _at respect was explained. This is
a result cf the unique combination of a Large antenna, high
power and an optima_ wavelength. [he initial tests to
demonstrate this c3pabiti_ were briefly discussed.

27_
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A low elevation mode of c,peration for Haystack, dsvised
to he'_ N/_SA ob;ain data on debris in low inclination orbits.
was described in the paper. In this mode oi opera, on
Haystack _..'!1be able to detect debris in o_,blts down. to 28 _

orbit inclination. The versatility of Haystack with. _ new high
performance PACS aJlows the required out6tting to bangle
the data processing _oad in real time. The real time and po_
mission processing plans were also discussed.

Finally, a brief description of Che NEAR aL_xi]iary system
wa_ _esecc, ed. T_ design goals for the NEAR's system
parameters and fut_Jm operaticn :.r"concert wk'h. the Haystack
radar in debris data collection were introduced. The

sign_canos of this o_'nbirmd cperaXion at the hkgher iatitucle
to motel verific,at_o,n was underscored.
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USE OF GBR-X FOR ORBITAL DEBRIS RADAR

J. Krasnakevich. D M Greetey, P M. Cunning,'_am
Raytheon ComDany. EQuipment Drvision

Waytancl. Massachusetts

Ab_ra_

The paper discusses the aDgiication of the GBR.

X radar, scheduled for operation in march of 19g3
for the measuremem of omitai debris. A bnef

overv_w of the radar is initially presented to
acquaint the reader with tt's c_Dabiliti_s. A
detailed discussion of it's operational configuration
to meet the ODR mission recluirements follows.

DiSCUSSIOn

The Ground Based Radar. Experimen',zJ (GBR-X)
is an X-bar_ phased a_ty radar, currerr_iy
sch_lu_e0 to .be operation_ on Kwaia_ein Island
in the MarshaJl Island ci'ta=nduring March ¢_ 199,3.
Raytheon C;ornpeny is developing the radar upon
the sponsorship of the U.S. Army St_ttegic
Defense Command (USA_'DC) in support of tt_e
Strateg;¢ De_o,_se initiative Off_ce (SDIO), Cod. Ar_
Meier i=, Pr'_)gram Manager. The radar';_ pdnciDai
design ro_e is to exist as a testbed for perfom_.ing
Func_,iorud Tec_tology Va_idatlon of cr_ical
features and operatior_ caDabilitie$ of the GrounO
Based R_dar sensors, which are planned eieme_ts
of an SDIO archhecl_e's midcourse and terminal

segme_Its Alter an ini,_ai ser_s of _ end SDIO
_EM/VAL experiments, the ooeratior_ of the radar
iS expe_ed tO ¢OrP_ Under il',e ¢_irectiOn of t,_e

U.S. Army Kw_taJain Atoil (USAKA) Range wnh the
cr_arter _o prov_e the capa_i_ie. _ an X-_and
agile beam sensor to member-_ of the U.S.
Governme_'s range user commu._t;y. As pa_t of
a pos_-F'_%' transition taam, R_y_heon, under
Govemm, ent Sl0_nsorship, h_s queried the user
community regarding their X-band sensor nee(Is
in order t_ provcle a srnoo!h t_n,_tior_ of the GBR-
X rote from a testbed _o a ge_eral p_rpo_e
instrdrr_mtation radar The con¢_, Drese_ed in
this Da,'_r documents the cal_biltties of the GBR-
X radar to _orrn the OrL_mJ Debns r_dar
mission.

TI-_ GBR-X radar is depi_ed in I_,_ure ; T,_e
Radi_tm o race consists of a r,_r_l aperture
phased _,rr_ y a_enna, a_proximately three meters
in diameter, s_rrour_ed _y a P,rger rte_ny sGuare
array_ a.opr_x_mate_y 12 meters on _ct', side, The
dual arr'=y faces g_ve the radar It's dud; fie_d of

view (DFOV) charactenstic. The inner 8penure
provides an ins_'antaneous fie_d of view of

agprcxJmate_y,/- 55 degrees at a relatively lower
sensit_'ity while the outer al_rture provides a
limited instantaneous fie_d of view (LrO_ of
agproximatety +/- 10 degrees, but with
substantially higher _ns_r_Jty, The turret
assem_y, shown in Figure 2. provides
hemisghenca! antenna face coverage and oermits
fac1 64evatior, angles to go degrees. Contained
within the turret assemoly are the transm_er
aml_i_s, rece_e_'/cxc._e_-s associated .,ncrowave
z'ttenna networks, and _he elevation an_e
encocler. Contained within the building are the
turret controls, signal DrOCe_sors, radar controller.
da_a Drc_essors. and the mission comroi room.
Figure 3 Uiustrates the DFOV characteristics oi the
GBR-X radar.

Raytheon has anaJy'ze_ the NASA requirements _or
t;_e ODR mission (see Table 1) and ev=uateO
GBR-X Cal_bii_ _c meet these re_uiremonts. Cur
anaJys_s lndica,.es that GI_R-X wi_ exceed _1 the
s_ated requirements and provide capability to
cover a target sci=d angle of coverage. Upon
detection G_R-X can schedule verification and

track the target in order to achi_,'e imi_roveO
detection I_ffortr=rme, RCS acc_Jracy an_ Oebris
characleriz=tion

The_ improved applications of GBR-X will be
o_(r_eioped ,_th NASA and utUized to prov_le
highe_r r_e_;l"y orbffal debris dat_ exceeding the
i_eviously stated re_l,_irements. The following
summa_ is iimit,gd to the stated requirements
within the overall performance umbrella of GBR-
X.

Based upon current NASA requirements, Tr.ble 1
¢ummarizes the key mission De_formance
paran_eters _e, ary to satis_ tne Or_ttal Debns
surveillance m ¢:ssion The _Itude range of interest
is 300 to 2000 Y_m in ,_rdtucle. The design target
_r purpOS_ of e_t_ishing the sen.s_Nity

-_ormsr_ce level is _ 1 c_ sp._enca; _rget with
Swirling 1 flL;cluatio_ charac_enstics _t 500 km in
_Jtit_Oe. The expected went rate _stwo I;er _ay
_r=a 1 degree z_ith l:x:imingcone The desired
probability cf deto,_ion .s 0.3 wn_ a probabil_, of
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false alarm of 0.05. Range accuracy is +/- 1 Km
three sigma and RC$ accuracy is,/- 1 uB three
sigma. The inclir_.tion 3ccurac¥ is +/- 2 degrees
three s=gma and orbital incJinaiion accuracy is +/-
0.15 t.hree sigms.

The location of the radar ;s desired to be cicse to

the equator _nor,'lgr to detect ve_ low _ncJination
debris. Kwa}alein I_ar,,¢ is approx,n'_tel¥ at 9
degrees norm latP,uclG. Am_6 logistics and
tec,.nmcal support is available from the USAKA

range.

To meet the O_Ral Debris Radar requirements,
GBR..X would ,Jtil_e the LF@V array Pac_ to obtain
maximum sensitivity. The capability to move the
turret up to _ degree face tilt would ensure that
off-boresight antenna g_in losses are minimized.
To a_}roximate a one degree c_etection cone,
Raytheon proDoses to produce =anelectronic radar

fence composed of severai radar beams side Dy
side, a._ illustrated in Figure 4. The resultant
cletection fe_;ce meets the approximately 1 degree
cone, whose oner_tation in space can _ a,'Oitrarily
set. Combination of such P=nrasters can De used

to cover aJlo_rticie trajectories and assure muitil._e
detections.

As or_ealtema0ve to achieve the desired detection

pa_meter:_, GBR-X would impalement a frequency
hopped bur= wavefotrn comDosed of three Linear

Frequency Modulated (',FM) subpulr, es. Each
subpul._e would have a very nan'ow bandwidth.
A frequency hopping bar_sl_n between the
suDpulses is being consicered .with the frequency
seJected to decorrelate the ra.._,arre!urns from the

oebns during the beam fly-through, thus allowing
Swening 2 statistics to govern the detection
sensttivity. This berm_s a 7 dB sa_nngs in
Oetectlon sens_trvit_/. The detection threst_.old was
designed to insure that debris _i,_
perpendicular to Chefence produced the minimum
number of retL=ms to achieve detection with a
Drobab]_¥ of de,;ecUon of 0.9.
Our an_ysis indicates that non-cot_erently
integrating two wav_fon'ns, ¢om_ of three
subpuisPs each, a minimum _ apt_roxt.,'n_taly 7dB
SI';R per subpulse is n_cesaary to achi_'e the
desired _etection probabiiCy for _he design target.
Tho GBR-X radar achieves thi_ s_nsttivit"y with a
comfortable margin (the spec_cs o_ zhe radar
eci_.ion _re _ss_fiso and cannot be included in
this pal_r). TalNe 2 s_mmar_zes the assoc=am(_
detec_io_ _hresho_cl C_CU_atK_rtS.

beam posit:on r=._ inter,zal of less than 0.2

seconds ensures tl'_t !he desig_ target wil! be
detected dunng _t's fly-throug_ of the _,earct_ fer, ce
for a s;ngle fan =a_er. The maximum revisit

interva! is dete_'Tnined by dh4ding the minimum of
t,_e ,_dar beam raster bv the angular vr_ocCy of
the particle (design target at 500 Km a,litude with

eccenmc;cy = 0.0). By semcllon of an a0ecluate
pulse repetttion fr_ue_lcy, an Ol_portuniry for two
radar re:urns is ensured t_ order to meet the

detection t,_teshold. The PRF is determined by
m_Jtiplying the desired number of pulses per Dear_
by the to*_ number of beams in the fence and

div_mg by the beam revisit interval I_iiLTJngradar
resources in thi_ mannsr re_u_ in an e,'_rgy dL_/
_'c_e usage of a tra_Jon of _ available average
duty for GBR-X.

To provide inclination, eccentrtc_ _nd other
mea_urernent in_ormat_n about the aebr_, GBR-
X wou_d _Jow down tt-_ search fence upon
detection and procured to track the debris with an
_ectronically steered beam interleaved with search
f_" one s_cono.

Tabte 6 def_ls the estimated radar measurement

accuracies bases on GBR-X performance dunng
the orb;t,_l oeb,"is m_ssion. Rar:ge and RC$
accuracies easily meet the _equirement_s Based
upon simulated events, velocity measurement
accuracies on the order of 60 m/sec are r,4Jff'_cient,
to meet the eccentricity and _w_ination
requirements.

Atthough GBR-X as currenttv configured can
perform a limited debris measurement function,

the ne_ to provide compaZible data formats,
operatior'-_ disl_ys, and suo_ _ilities as well
as meet the ful! set of re¢luirernems neca_Utes
modifications to the sc-,_v_re end hardware.

Raytheon is curmr_y working with USASDC to
plan me ,_a,-o'wareand so,ware upgrades zo carry
out the ODR m_.

TabJes 3, 4. and 5 summar_e trm derivation _ the

seP..rch wave_,m cf'_,"acts_tics, A n'tax_n_jm
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RESULTS FROM RETURNED SPACECRAFT SURFACES

Herbe_ A 7_z×}k", I_v.d S McKay*
and R_aJd. P Ben,hard"

*NASA,gobanson Space C_'r,,pr Hoqston. Texas --_-,_o..... z _UJO

"*LocLh_d Eng &Scl. Cu. Houstac. _ _7Ci5_

Abstract ,_mroductio_ a_,'l P,a:-k_vo_nd

Metecro,d and sp_:e debn_'; impact data have been

,_btmned and reported in the western press from over

50 U S., several European, and a t_umber of Soviet

spacecraft. Mm.ny of these data have been obt.mned

from space- exposed spacecraft parts, or meteoroid

experiments, that have been returned, after flight, to
terrestrial laboratories for analyses, indeed, _t ts oniy

from laboratory, compositional analyses that full,,

tellable direct evidence has been obtained of an E,arth-

orbtung population cf man- made spacecraft debns

parucles m the sx:e range below one milhmeter. The

returned Sl:mCe-exposed surfaces include: (1) spacecraft

windows from the Mercur3,', Gemini, Apollo, Sloylab,

and Shuttle spacecraft: (2) specially designed

meteoroid experiments exposed on the Gemini,

Skylab. and Shuttle flights; (3) samples of

opportunity such as aluminum foil wraptmd around a

cosmic ray package exposed during the Skylab

m,ss_ons, parts of the Surv'eyor III spacecraft returned

from the Moon. and the Palapa and Westar satelhtes

after retm'n from space; (a) about three square meters

of Solar Max surfaces returned after a. 15 years ,,:

space The debris fl_ ts found to exceed the

meteoroid flux m creanng impact craters smiler that,

about 20 I.tm m diameter, and may again exceed it for

impact structures larger than a few mm in chameter,

although that can not yet be firmly concluded. Foe

_mpact structures between 100 lain and 1 mm in

d_ameter, the debris flux _s found to be several umes
tess than the meteoroid flux. With the return of hhe

Long Dm-auon Exposure Facility 0_DEF). the flux
uncertainties of both meteoroid and orbital debris

impacts should md.,_lduatly be qmte small; the mare

remaanmg problem is to determine more accurately
• e meteoroid or orbital debris mass that makes a

Dven crater or hole size.

Nomenclature

d

D

f

P

P
V

0

pro_t]le diameter, cm

bole diameter: cm

sheet thickness; cm

penetrauon depth; cm

projectile density; g,/cm3

_mpact velocity; km/s

angle from normal: degrees

Wesz_'n m vestagator's first c_bt/ame.2, for l_.,'atuE,

sludy, spacecraft sufface_ w.th large a,-ea-lim,.-

exposures to space du_"mg the Merzur). pr_g'ra"a. !t

_,asrl,. however, tmui die Gemm_ program that

SF,_cecr_fft surfaces and meteoroid experiments were

obtained that presented clear evidence of

"nyperveloclty" partacle impact -- presumably due to

meteoroids. These included, with area-t_me of

expos=re, the Gemini S-10 (2.5x105 m2s) and S-12

(3.3x103 m3s) experiments of Hemenway et al.

(1968), who expose.x1 flat metalhc plates outside the

Gemini spacecraft (see also Hallgren and Hemenway,

1969), and 14 Gemini spacecraft windows (3.4x105

m2s), examined by Zook et al. (1970). It became

clear, with this work, thai the flux of meteoroids that

made impact pits larger than a few micrometers tn
diameter was qmte low -- about one hypetweloctty

impact per square meter per day (a total of only three

_mpacts were found by the above mvesugators_

"Hypervelocity" Is operauonally defined in those

stuches as impact speexls tugh enough to create impact

sites where the target material appears to have flowed

in a fired (molten?_ state to mold the final crater

shape. Laboratory impacts into glass mchcates that

th,.; requires impact speeds m excess of about 7 krrb's

(Zx_k et al. 1970) For many materials, especially

many plasncs, impact velocmes could be as low as

several hundred meters per second and give the

impres._lon of "hyperveloc_ty". Thus. the operanonal

use of "hypervelocny" does not always Dye ve_

good evidence as to the u'ue impact velocity (see also

Warren et al 1989).

Following the Gemini program were the Apollo
mtssmns, most of which were missions to the Moon

Cour.Palais (1974) examined, postfltght. 38 _'mdows

from 10 different Apollo space.craft (with 1.5xl06

m2s of ezposure_ and. especially for the eight

spacecraft that he exam:ned that had gone to the

Moon, obtained a good measure of the lntel'planetar3,

meteoroid flux at 1 AU. The Surveyor Ill spacecraft

parts that were returned after 2.6 years on the Moon

were also examined for meteoroid _mpacLs (Cour-

Palms et at.. 1971; Brownlee et at., 1971; Ander_n

et aJ., 19"71). but clad not provt0e truly defininve data

because of the dafficulty ot confident recognmon of

hypervelocity impacts or, the thermzl paint-coated

camera shroud; the limited results obtained, however,
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•_erec,stasLs_n: ou_" spar.e, ct'_t measof_men',.s o(the
mterphme_ar meteoroid environment.

The !-ust expenment:_; evidence b_at Earth orbital
de__n_: ha.,_ l:f _-:actcd a spacec.,_! t;; _,-',,5 orbit came
from Experiment S-:i9 (Ha_i',r.en ap_ Hemcr,_ay,
19"7,6;Nage) et al., 19"6). exz)o_d Gunng t?,e S_ylab
... 3. and _ m_s,';ons m 1973 and !974 (;o:al

_,onsure 5.9xi0 5 m2s_. Ha!t_.gren and Hem,,'.n_,ay
ce:;,.oneA that un!y aiurp.:aum could be detected tri
many ot _c _mpact craters m the =up.r. s,.,alrtless
s:eci, and silver fla' plateg exposed Most of the_,:
cramvs v..em only a few nucromemrs m diameter. ]"hey
noted that _t was highly unltkeiy that alum,hum
secondaries from meteoroids striking nearby spacecraft
parts could be responsible be.cause the exposed
samples were out of the field of view of most of the
spacecraft. Nagel et al., who were guest mvesugators
on the S-149 expenmem, also reponexl aluminum as
the only foreign element found to be residing in a 25
I.tm d_araeter crater m their stainless steel plate.
Neither group of mvesbgator_, however, exphcitly
stated that they thought the pits w_t/' aluminum
residue m them might derive from an Earth- orbiting
debns cloud.

Cour-Palals (1979) opucally scannedthe windows
ofthe Apollo Command Modules that wexe dockedto

Skylab dtu'sng the 59.5 day Sk_,iab 3 and the 84 day
Skylab 4 m_ss_ons (3.2x106 m2s) and found 24
impact craters that iargely appeared to be of
hypervelocity impact origin. As he did not
composiuonally analyze .residues m craters, he could
not be sureof the ongm of the Impact crale.rs. He did
note, however, a pronounced steepening of the ,.mpact
p_t distribution curve for impact pit diameters smalle_
than about 10 lain. Clanton et al. (1980) rescanned
the Skylab 4 windows at a Mgher magnification than
did Cour-Palms, and cored ow, 60 sections of the

windows that contained promising hyperveloc_ty
impact crater candidates: they examined these
sections, in t,am, with a scanning electron microscope
that had the capability for energy dispersive X-ray
(EDX) compostnonal analyses. They discovered that
12 of the 24 hypervelocity-appearmg impact pits that
were smaller than 30 }.tin in diameter were lined with
foreign material that turned out, in all but one of the
seven cases compositionally examined, to be
aluminum. The stogie excepuon was a pit lined with
matenal rich in utah,urn, which was therefore
believed to have denved from impact by a several
m_crometer diameter piece of white thermal paint.
Ahhough the_ was sul_ the possibihty that these
_mpacts had derived from ejecta from nearby
structures, Clanton et al. suggested that the
aluminum-lined _ml_ct pits _esulted from an Earth-
orbiung cloud ol aJummum oxide parucles thathad
derivedas exhaust effluents from solid rocket motors.

No cleatev_den_t of m_mc _stau_ was foLmd m
an? of the ,¢,tnao_, Fr:.s. w,t, _. m:_'_, of Lne /ms
showing no evidence of a_nyk]rvj Of _zc,_Aerz_ ti_.t was
foreign to the fused Q,u_'-tzw_n,.._o,, gla>;_ Tt:at
meteoro,ds were mde.e,d str,.}'an7 Sk?",a_ s',:_:es w_,
however, _as defin_ovel._ e.v._b;:shed b', B_,_ie_ et
aJ (1974i _hen the? sca,';nezl abo,,,t 8',i(! crn 2 of
aluminum fo:i that had cove;?Alp:a..-,,of a co:h'nic ra',:
expenment for 67 days dunng the Sky!',b 4 .m_ss_on
(<.6x !05 m2s of exposure). "The) tbund matenaJ of
chondnac composiBon in a 110 _ diameter impa=t
crater and u'on-ntckte sulf.,de material m a separatt 35
vm diameter _mpact crater. Such residues are very
u.l',.kely to have derived fi'om any source other than
meteoroids and appear to show that alvmmum retaans
meteonuc material much better than glass.

Recent Observations

With the advent of the Space Shuttle flights, new
opportunttms to measure the space debris and
meteoritic enva'onments have arisen that are ef

relatively ntajor or minor importance. The ones of
relauvely minor Importance include the following:
(1_ Although no intensive effort, has been es',abltshed
to carefully study the Sb.attle w,ndows for meteoroid
and debris impacts, they are examined after each fhght
for Impacts and o_,er damage that could compromise
safety for the succeeding mission. A number of
windows have received impact craters large enough to
require their removal for safety reasons; one crater that
has beer. evaluated by Kessler (personal
commumcauon) and by one of us (D.M.) m some
detail was 430 tam deep and about 3.5 mm m a_,erage
diameter, and appears to have denved from impact by
an Earth-orbiting paint pa.nacle. (2) A square meter of
5 I.tm thick alum:hum foil was exposed for e_ght days
(2.8x105 m2s) in the Shuttle payload bay by
McDonnell et al. (1984) and re_orded 3 craters and 1
penetrauon that were stated to be of probable
meteonuc ongin. (3) in another Shuttle experiment
McKay (1989) exposed various pohshed s_faces on
the Shuttle arm to the plume of a PAM D2 solid
rocket motor tha'. was 17 km away when tt _gmted
and burned _ts solid fuel. Many impacts were
obtained on each ;urface, and the size dismbuuon of
impacts observed was roughly consistent w_th that
observed by Clanton et al. (1980) on the Skylab
windows. (4) Some samples of the Palapa and
West_q.r satellites have been obtained after almost a

year of space exposure, and atecurrendy under sludy.

Two opportun_ties of major _mportance have
denved from the 1984 return of about 3 square meters
ot space-exposed sur)aces from the repair of the Solar
F,_a.x sa).elhte Mter 4.15 years m space and the January
1990 return of the Long Durauon Exposure Facd_ty
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(LDL_ after 5.7 years m if)ace, i_, latter, which has
abou_ i30 square meterg of e_.posed _fface. t_

currentJy und_ stud,, and won t be f).trther da.:c_sse_

except to say thin uhe expose; a,'ea-erne prr>d,Jct :s

abc.'.-': two orders of magn,_ude +'ten, tel than the

ac_u'm-.tated acr.a-t:me 9rod'.act M a!J pre_to,:sl.v

re-_a_me_=_e exD_se.d su:{a..,'_ (v,'_th :2,,eexc.cp.._,c,,_ 0,

r.he i;.,._a: fcyck.s;.

L_Llr'a.nCe a.r_d Bro_-r':_e._ (1")e,'5_ cc)f_p,3.c.:t.:o_aJly

z:,._.-, zea re_,<!_s m use lr:_pact #mte_ :_hat d_c? four_

nn fa_,r of ,_L:. Soi-__," M,u :henna_ _,2ntrol i:Ju','e.rv

,:east" of dimtv*s_o_ .a.5)..:5c:_: a..".d %uad _._at

me_eorr,,d_ _.d _,e!'n_ _r.;pacts _,erc :a roughly ecv./,2_

abtmd_ce for _;"r)pacu_.g part)tie :na.:_es _.te._n

aboa! 10 ? and lO'qg, for smaJier masses. )mp_t._ o _

debris particles -- trtosdy paint par-ucies --, dn,'c;rated

the staustics. The_ were able m d_v_d"d _e

meteoroid impact residues into three c.om_osinoha l

groups, chondritic, mafic, and iron-nickel sulfides.

This matches work by omers on Impact_ into tl',,

thermal blankets where relatively intact graans of

tron-mck'_J suliide (Schramm et aJ., 1985. 1986).

olivine (Blanford et al., 1986), and a hydrated sihcate

(Bradley et al., 1986) were found In addiuon, residue

from one impact by a frozen urine pamcle and
numerous res)dues from paant _mpacts were also

recorded on the thermal blankets, (se, e also Warren et

al.. 1989 for a review mad an overaB summa:.,.. of

optical work on Solar .Max.) Although the reiauvely

compressible, low density qoiar Max thermal

blankets did not damage the _mpacung p_."ucles zs
much as d_d the aluminum louvers, the :.hermal

blankets were relauvely poor at retmn:ng proy_.tile

residue at the _mpact site: the ongm of _e pro)ezu'_es

E

t_

O

',.hat crea'_,_ most of the thermal blanket cra_ers and

holes could not be determined, accurate seoarate

Euxes of meteoroids e,nd orbital deb,'ls could not.

t,he_fo_, be obtained tram the the, real blank,'L_

As neted by Laurance and Bm._,nlee ,}986,.

however. '..he aluminum louve.,_ are ano:her story

Be,-n, t'_rd and Mc._ay (198_R, and McKay ;i989,

ex;m_ded the wor.k of Lavr'ancc a_'_d Browniee

:nc;urae a study, of the holes m the I,,2aver's. _,hic_

ca-re,ntis to I_-_r tmpac,mg pamcle s_zes d',an for

cra_.ers on _e louvers. Of the 65 holes .m the fu_st

layer of the ga louvers. 6[! cf them -vere anal_ z,fl for

-_.s_due in bhe mn of the hole ,.n :he first Layer (of _ke

other 5 hoies, 3 are ,.n one louv_ blade that ha__ b_en

n'_ln:_me__intact for dispiay and for future studms and

t,o were _mporarily misplaced). Of the 60 holes
ana2yzed, 47 were determined to be of meteormc

onLin. 7 derived from orbital debns _mpacts. and the

,o_gm of the lmpacung parucle for the remammg 6

could not be determined. Meteormc origins were

ascribed when comblnataons of Fe, Si, Mg. Ca. Nl.

and S were found in the nm area dxat could be related

m known meteonuc and stratospheric cosmic dust

flare types, such as ol2vmes, pyroxenes, and Fe.Ni
sulfides. Titanium and zinc normally indicated

tml_acts by paint parucles. Impacts b,, aluminum

pa.rucles, whlCll could well make up a good pan. of

•'.he larger orbital debris populauon, would be di_rficult

to _ogntz.e, as they would blend into the aluminum

o[ the b:xP,'e%. Such _mpacts may have caused some.

c" _!i. of _e 6 impact s_tes for which no ongm could
be ascnt_d_

q- ,8

8 -" x_'", 4,

I

'[

Log [P=_.,e,'em=ss (g)]

F_gure 1. The lo?anthm of th- c)_,nuiatlve fltuz of parncies more m,'_s:ve than a given r,aas_

versu_ the iogarz, tkm of that given mass
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,s,na!?sis sed Discussio_

]._,,F:gu_e i _c piOt 9z;)a,-a_eiy hhe lc.gicamu:auv¢
.... _ versus ;o_mass_ of m_k:oroid_ "+_nJef ,:,rb:ui!

debris pa.,-ucie.: t;_t _e,'r _Fz,.L*I:, det.er.-n_o3 _ ha_e

mace holes ,.n C_,e firs' icier of ;2,e !o,a_¢r b!_des _m

or,;,, ore .ase was g-,c -m:o_d [a:,er cf the _wo iayer

;ou'.er eLades puncn.¢ed, and Lhen jz'st ea_:ly} "J_.,.&_e

_lu,.es aze sho,_,_ t'> tt,e daLa potn:y ;,ssocia'_ed ",,;'>.

ahe. correspondwg two straight t;.ne_ wnh 95 q,:

,:onfigen,'.e bau-s The I&S! t_..O confiden_ bars ov the

rneteorot_ ]:ne are as._-a,.ed _.ith on;_ :.+o _ag one

m:_c_, n:spexu,ely TL'm ma.._ was,Jet:framed _cm

the empmcal metaiIi: fo,] pen_trauon equatr_n

aeveloped by Ca.my et al. (19g5). cad givsr: be+o'_, :t+

Eq I

f-*2 × vl.02:l _1}
D=d÷l 5×f×_,r0-3[l.{d . , •

D ,s hole dmmeter, d ,s pamcle diameter, f _s f0il

thickness, all '.n cenumeters, v _s _mpact velo=lty m

km/s. and × rod,cares muluphcauon. The mass .a,as

determined from particle diameter, d, by alu,ays

assuming that the parucle was of denmty 2 g/cm 3

that debris pamcies _mpactecl at 10 kin/s, and that

meteormds _mpacted a, 20 k.m/s The foil thickness

v, as 125 _m of 1145 H19 soft aluminum The

1.1072 m: area of the louvers was reduced by the

l_..al spacecraft shielding factor of 0.71 (Warren et al..

1989_ and b)60165, because not all the louver holes

were examined, for a net effe,_t_ve area of 0326 m 2.

The solid hne m Fig. 1 is the 1 AU meteorotd

flux as g_ven b> Grun et al. (1985], except _t has

._.en Increased b,_ a grav_tauortal itlcrea_ faca3r of 2

and decreased by an Ea_ shielding factor of .665 to

be .'.'0propnate to a near-Earth average orbital alutude

of 535 kin. The open mangles depict the meteoro,d

data ob:a,ned b_ Laurance and Brownlee (1986_ from
the non-hole craters on 4 Solar Max louvers.

Naturally, one would imagine that meteoroids able to

make holes :n the louvers must be generally more

massive than those that make only craters. That

supposmon would appear m be strongly v,olated in

F_g. I. The maa.n problem does not lie wtth the

stausucs of ,mpacts but with the fact that the crater

penetrauon equauon used does not g:ve meteorotcl
masses conststent wtth those derived from the hole

penetration equation near the transmon regmn

between craters anu holes Two crater penetrauon

depth versus projecule diameter relauons commonl_

used are g_ven below:

P=K×O.335*pO.5×d,1056×{4 ×cos_O) 'Zn:- .{2_

P = 0.518 × pO 70i.2 × Iv × cos(O_] 098. (3)

,_ h=._. p ,s pamcle density m g,,,.m +, t:_ _s _e ._

reiau-e a3 the normad %at a rnete_;ro,d sm.ke_ the

surface. K _s a constant "hat depend< u;xon target

+_mr.< ....... n or whether _,¢ crater ts ;nto s,_m:-

tnfin:_c o: fimze s_et ka.rget5, a,qd l+h..':o_v,.¢:i symDJ;s
,_v &_ 4eP, nee b:-fcr-e

red.ace ;J_c }"e_+t:_- u',e Ex;,io+e, i_o. a_nc me Exp;orez

23 e.at_ K ,,.a.s set _u_ m t.5 far t_he fm_ _. s.heet

l:er_e._-aucns o.f d'_e 202-'-I3 aJ:_,mmare, used :e g_,,'

Peg_ A+ B. _,_ C _w.thtc';. and :.t was set eq,.ta_ to
I 36 f:;r u',c Ee-Cu and s_mlesa st.".] _.hm *,_1

pcne:raaor.,s o..' :he Explorer 16 and 23 sa,.eh_tes.

resp,¢ctJve!y Hc den somc_:hat aai,aste_ me

threshold peneuat:ng masses to ob_m a smco_

vanauon of the s_ope cf 0",e meteormd flu;-mass

curve. Z,'xak et ai. (!970: and Grim et a] (i985i

adopted t_e Nauman_ curve as be.ng the bcs"
avaalab;e. Grim e:. a! exhende_., the Z_ok et al. curve

to a_om,",d.are tre Exploit 8 and 9 hel_c_,.enmc beta

and _ha mek,'cro_d data as _eii as .,Be Ear,oh orb,ung
HEOS 2 dala. and f_er ._ho_e.d that. UhLScm".e was

coasts,eat _._bh the tmpact pit data on ._unar to<ks, ff

one assumed react: snormr exposuu'e ames fer lunar

rocks than ,,,ere gtven b_ fi_,e publt.-;he4 m;ar 0.=-e

track data EqL, a_:or_ ,3 ++.as a_opted for Ii0/)
a!um:num by Laurance a_d Brownlee ¢19%! from

exten.,,',e ,mpact wort by Palter and Gcun , 198f3_

w_a_ a ;?:" de gr-',d accelerator. Oa,er pe,_o.m_u(m

equanors are used by ot_er mvesugate, s. some of

wMch are hsted m Carey ei al. : ]_;85L bu; eee _ic. riot

consider ;J',ern t:,ere.

Suffice it tO _ay that c-ach of "he dlfferenl

penen'auon ,._qu_'.aons n_s _en _le_sed _o fi E some

pamollar sea of !a'DoratoP., 1m}3act d._L.'.qOV"v; a br'fiite,,d

range of impact velocity, pa:t,c'e s,ze _d denvD, and

m.,get matenaJ properue.s. Each one s e.,.u-a_'_:,.at:on m

the vclo¢_._, particle dens_t,., axtd targ,.'t pro_rues

statable to Solar Max wtiI g_ve d:f:;erer.: errors m

deternnnmg impacting pa,"ug:e masses Our general

fee!mR _s that t,hc hole equauon of Car% et M , !985,

probably __s the least securely establJshed, even

though ,t g_,es good agreemem ,,:tn !a_er

hyper'velocay imp_t ,_,ork ca,-, md oa_ b_ Cour.Paia, s

(198& on Solar Max ma'enais. Th:.s ;- be.cause uf

the e.xtens_ve ,_,ork, both thet_reucal an,l expenmer.,.al.

on _pact_ lmo se,'n,-mSmte rned,a, _,d n_cause r.e

the.oreucal foundat;on has ,been put for_a,d for ghe

Care), et a_ equation There coalo conce:,,ab!y be

uncen:_mues of as large as a factr_r of 4 ur 5 an 0,c

masses dete..-nmed by Gru-_ e, a} , ic,_,5', _-u: ,_.e

think uhat tI-,e greater uncer_nt,, hes _;: t':e r,',a:_,.._

derived using the Care? et &' equaqon

In sD+te of ,'.he d_fferent proeedu.ms use_ u _s

notab!e ,..hat ,.,he meteoro:d curve de'cr"Tn'led from L."e
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Solar .k_._ _.ou. :r hole, ,5no.=,t:, ,_.z.ac_. s tt_.ef. •,in e'
al ! 1985) metcoro:d curve, ind s.., that app¢_ :., to

no _-,dly gross disageemcn s. It _ c]_rty a _a'oblem
for the future to better aevlse _'ole ant, :rate)

penetr,,uon cm'ves: th_s ts especi_qlly true when it ts
,.ons_dere_ that v'ul? superb /stausuca.!l_ sW..akmg_
mete_rmd and debris impact data will t',e den,'_d from
LDEF in the nea_ future. V,e can _.herefcre a.¢_ume
that the debris carve m F_gure ,.s a fair
represen;auon of the envtronmen, of Earth o:bital
debris pa.,'ucl_ ,es_ massive than about 10-5g; )f th,:
6 holes fo_" which no ongm was established are
a3._gned to the t: bns pooula'mn, the debris flux
shown in Fig. I v.lh approximately double

The Ea_%horbital debris envtronment obtained by
I__urance and Brownlee (1986) from Solar ,Mzx louver
craters and by Clanton et al. (1980) from Impact
craters on the Skylab windows are also shown in Fig.
1. There would seem to have been an increase m the
o_ottal de0ns flux m the approximately 8 years
Mtween the two missions Bu_ we must be careful.
Solar Max flew at an alutude about 100 km h_gher

than d:d Skylab, and at a different orSital mclmaeon -
- 28.5 degrees versus 50 degrees for Skylab -- during
the data accumulaurg peno$s, and under different
solar activity condiuons: this means that they. ,,,ere
12robably diff_rent average upper atmosphere den:aty
condiuons. Also, L,aurance ana Brownlee reduced
thc,..r data assuming a parucle t,e._ty of 2.5 g/cm 3 . an

,,mpac: ,'elocity of 8 km/s, and an average _mpact
angle of a5 clegrees, while we ,have reduced the Sk2,1ab
window data assuming a panacle density of 2 g/cm 3,

an average pa_mcle impact velocity of 10 km/s, and
nomtat impact. One shoo!d, naturally, reduce both
sets of data with w_th the same set of parameters to
de_mme bow fluxes vary in boLh ume and almude
.,'_ais .Laurance and Brownlee did, but they used all of
,,.he £kylab impact data, not lust that a._ooa)e,d wib'_
orb_'aldebns.

Kessler (personal commumcauon; see also Kessler
et al., 1989, derives from the NORAD data that the

average veiocry of all Earth omiting objects relauve
to a space.craft o,"biung at 28.5 degrees to the e_zliptic

is 10.3 kin/s, while for Skylab at 50 degrees
inclination it vtould be 10.7 km/s. We simply
assume, for lack of a reasonable ahernauve, that the

small objects that cause ).he observed cra.','rs on Solar
Max an6 Skylab have similar distributions in
velocity. Finally. for best reduction to impacting
mass. one should use the analysis of Naumann
(1966L where he uses proper wetghung factors to
sum ove.r all tmpacung velo,:l_es, impac, angles, and
impact parucle densme_. This is a project fc,r the
future.

',.%ssler aria Cc',,r-P_a_s (!9",_) predicted that
_a_elut_-_tehi_.- coil_smns wou_d, mumc, g,merate
an Ear'tt'-c,'bi), ,,: ,'%-',:', tv._i,, ",h_s, a!er,g w,.-h

current d,'br_s pc._:_,_auon, _c w_pact c.,"a,,_ras_ hole
data accumula,e.d ,.'rein retum, ed sateiltte pan._ as
described _bove may _ pardy denv-,xl fzom that
oopu!aucn. It :s also cie_'ly den',ed flom aluminum
oxide exhaust products fl'om _hd rocket motors, as
,_e!_ as from d_smtegraung _errnal pmnL_. Th:s
should be of some interest to eng,J_eers worned about
,hermal balance, and to thermz', paint m.mufactm-ers.
Finally it should ve noted that, aluhough Kessler
(1985) did find some evidence that Ean/' orbital debris
was _eneu'aung uheunmanned Explorer a6 satellite,
the most dramauc evidence for impacts of ort'ital
debris on operauonal satellites has come from
returned satelhtes, or parts mereof.
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THE COSI_AjC DUST COLLECTION FACILITY ON SPACE STATION FREEDOM

F_edricn Hot7

aid
Denni_- Grtxmds

NASA Johnson Space Cen'.ea"
Houston, TX 77058

__t

The Cosmic Dust Collection Facility is am attached

payload on boazJ the Freedom Station that will serx.e as a
long-term observatory of all dust-si2_ particles, typically
<<1 ram, either natural or man-made. Its instruments will

measth_ the tmjecwnes of i.,giividual hyT,cn-veiociD" particles

and wih trap the fragmented, melted or vaporized impactor

residues in suitable capture media. The latter will be
periodically returned to Earth for detailed miner:_,ogic and

chemical characterization of them residues. The trajectory

infotmalaon will permit reconstruction of the astrophysical
source(s) of natural dust grains, st ch that the coml_.?sitional

inforrrwtion may serve as proxy-analysis of primitive sotm

system objects among which comets and asteroids are

known to be the most prolific dust sources. Traje..ctory
information and chemical _ "nposition of man-made

particles wil: yield clues about the most prolific
antlu'OlX_genic sota'ces, l_,.rect measurement of the aynamic

properties of all particles will contribute substantially

towards an th'_derstanding o_ ,he collisional hazards to
current and future space operations in Low Earth Orbit
(LEO).

Inl_oduction

in situ measurements via flyby and rendezvous

spac_raft an6 sample return missions from select solar

system objects constitute major elements of NASA's
+_,ttegy of solar systera exploration (NASA, 19821).

Laboratory analysis of extraterrestrial materials is an
important and integral pan of this strategy; and is one

reason why acquisition of extraterrestrial samples is an

important activity.

Observational _ theoretical understanding of planetary

surface processes provides evidence that mater.als me being
dislodged from a wide variety of parent-objects, and that

_m.e of these materials end up in Earth crossing orbits, ff

not on its surface. For example, hand specimen sized
meteorite_collected on Earth were liberated from asterc, ids

via co!lisionad pm¢_ses, while meteoroid suxams - knowu

for their spectacul_ "stardust" displays - represent dust sizexl

objects from comets. Dislodged daughter-objects ha_'e

generally very small mass(e.s) compared to the parent-

bodies, and their orbits diverge rapidly under purely
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gtavitat/onal forces; exzeedingly small daughters will

additionally be. affected by non-g',avitational force.s, and

assignment of parent-objects becomes more difficult.

Nevertheless, specific parent-daughter assignments should
st_' be possible for, many small particles, and general

assocmtions wid_ comets or asteroids should be poss_le
for many dusl-sized _ in I_w _ OrbiL

These considerations provide the basic scientific
rationale for an attached, facility<lass payload on board the
Freedom Station. the so-called "Cosmic Dust Collection

Facility" (CDCF). "Ibis payload is spot, sored by NASA's
Office of Space Sciences and Applications (OSSA), with

the Solar System Ex!qorafion Division. Code EL, and the

Life Sciences Division. Code _. collaborating in its

developmenC The Jokason Space Center is res_ttsible fo_
proj_t implementation. Principal _vestigat._'s who will

develop flight-mstrum-.nts were recently selected on the

basis of ixer-reviewed propomls.

BaciLtrotmd and S:ientific Ob_

CDCF will expose instruments that zre capable of

measuring the vector vehx:ity o¢ small (<< 1 mm; tyFica]ly

I0-i00 la.-nin diameteO bypervelocity particles in an
instrument-specific reference frame that will then ix

combined with F_k_m's Guidance and Navigational Data

to determine the ge_cent'ic ot heliocenlric parlicle orbits

and a:socmted parent-objects. Followin_ th.e trajectory
,,neas_t. each patrick', will encoume_ a suitable capture

meditma, where it will be &_..leram_! and effectively trapped.
The projectile residues m this capture medium will be it.

the form of unmelted fragments, melts or vapors; possibly

ai:y combination thereof. The capture media and associated

panicle residues will be returned petdodically to Earth,

where they will be analyzed for their mineralogy,

chemistry, isotopic characteristics, and organogenic
components via modern, state-nf-the-an microartalytical

methods. Knowing the astrop::ysical source(s) of the

sample(s), the laboratory results may then serve as proxy-

analyses of ff,'.ir respective parent-bodies.

Asteroich and comets must be viewed as the most

prolific sourct'z of cosmic dust. almost to the exclusion of

others (McDormell, 19782; Gizse and Lamy, 19853; Gmn

et al., 1985a). The study of m 'et,_rites revealed that "small"



as'eroidslackthethermalprocessingtypicalof "large"
planets, the latter undergoing heating upon accretion and

core formation, as well as who!esalc differentmtiov during
formatioh of t_ir crust(s) Comet_ _e known to be

maxr_.s of ice and silicates that co-exi_e.xl :ahroughout solar

sysu_ta history and their sihe.ates should not be proce..ss_.,

thermally m any sigruficant way, Ast._roids and corn,as may
preserve evidence that _flect ccn_uons dunr, g the e_rly
,wAa- system, if not during its actual f¢:-rnauon, They are,

thert :ore, thought t.o be "primitive" objects For example,
t_,e relative abundance of elements, and de assembiy of

p..bases that crystallized F,_t, provide powerfu, constraint:

on lJl¢ thermodynamic condS.tions of the solar r,ebula (e.g.
Bradley e, _I., 19865; Zolensky, 19876); or _sotopic

c "haracteristics may reveal wheth_, some pre-existing,
interstellar soLida survived the nebala pr_ and what

e_Mence they may provi0 about star fo,wnataon and

associated nucleosynt/msis in general (e.g. McKeegan eAal,
19857; Zinner, !9888); or the distribution of biogenic
elements during s 'at system fo"madon, the formation of

simple or complex raolecul_, and other e .-4dence pextaimng
to tl,e origin of life, may possibly be r.xgacted from such

primitive materials tWood and Chang, 19859). Hence the

great interest in primitive solm system obk_cts ,and samples

among many c_sm 9chemists, mineralogists, exobic iogist_,
_astr_.::_,omers_nd nuclem" physicists (Kerridge ar_ Mattbews,
198810).

The traditional study of meteorites was recently

compie2_emted by analyucal insights derived from genuine
intcrplanceary du._ particles 0DPs), that are being collect_l

the maiospbere, on deep-sea floors and in polar ices
(Brownlcc, 198511). They are objects t.:pically ,c50 ua, _n

stze and of <10 "_ g mass Such particles constitute a ze_

som'ce of exlratur_trial material that was tee ..)gnk _ only

dunng the ;a.st decade as Frerequisite microanalytical
techniques and sample preparation methods _'ecamc

available LOdistinguish between terrestrial contaminznts,

man-made and natm_l, and genuine IDPs. Many IDPs are
grossly sh_lar to the most primitive (larg o meteorites, but

they differ m subtle, yet significant ways: crystal shapes

indicative of condensation we.re found, unusual isotope-
c__ were reported, carbomcex_ materialismore

abundant in IDPs, yet exceedingly difficult to characte,-ize

(e.g. Bradley et al.. 198812). It is important to emphasize
that current IDP-collections contain a wide variety of

particle types, reflecting a variety o/" _, including

secxmdar), alterations (McKinnon and Rietmeijer, 198713).
Based on currem, t knowledge, some (but not all) IDPs soem

more "primidve"thanmeteot_:_,indicating theirpotential

to give evidence about early solar system _.

The trajectories of all ext_aterresuial samples collected

on Eaied_arc irrevocably destroyed dm_g ai/_enc entry;

the particles canrmt ix assodamd _fly, i.e. via orbital

dynamics, to their source cbjects (..cept for 3 meteorites

that were photographically documented during eaary).

lndirecz chemical and mineralogical argumenL_ lead some
if, vestJg_tors to associate _ome IDPs w_th comets, a

st_g._eSUOP Lhat is consistent with the ma=gs-spectrometnc
a.nMysis of many particles durms # fly-by mission to

comet t4al!ey by ;.he GIOT'rO &qd VEGA spacecraft
(Jessberg_r ei ,E.. 198814). Nevert,hele._. most IDFs f_om

terr_,_._al Farti, ie coqa.'cncn_ remain parentle._g.

Inclusion of trajectory sensors on CDCF attempts to
51] this gap and leads w the major s_ienfific ratiorale aod

potential: measure the trajectories of individual _a."ticl_,
(letermme their seurce area(s) and collect and retttm their

residues to F:atth :., a form suitable for mineralogic,
chemical, isotopic a.d organic analyses. Substantial

wnprovement in our understanding of early solar system
processes should ,;,v*'rge, as most particles are shed from
primitive parent objects. ,'_ae potential exists tc collect

inL_rstellar n_tter, either as dusl components that p_'xlate

ffm s_lar nebula or as rare, isolated grains that rr_cndy
l_'netramd the inner solar system.

Orbital Debr,_ and Collisional Hazed AssesS. _nt

The performance of all flight instruments, to be

described below, and their _absysmms, including the facility

mechanical siructure, data-system/signal processing/tele-

metry as wel3 as the coatemplated _n-orbit and groun.d
operations are to_ally compatible _ith the detailed
charac_on of fine grained, man-made ._rbital dcbrisas

well. Indetd them is tolal overlap m the methodologies to
me.asure th,,. trajectories of .qnc-gralnedbypcrveiocity

panicles and to capture and to analy-',.e them, regardless of
whether the particles are man-made or natural. More

importantly, positive distinction between m: -made and

natural particles that exisf in LEO reqmms both trajectotv
infonnauon and analysis of the residues returned to Earth.

Dynamic particle information alone is frequently not
sufficient |o make such dis6nctions with confidence.

"I'hercfore, routLqe operations of CDCF will be such that

no discr_,ination between harm-at and man-made impactors

is being contemplated until first-order composaionai
information is availabk and combined with the trajectory

dam. Thus, important debris information willbe generatc_

by CDCT a.s a matter of plam_.zl course and routine.

Dynamtc and compositional information of man-made

impactors may be used to identify possible parent space-

craft, or collk_:onal and explosive events and parOcle

wmrr.es related to operationa; practices (e g AIxC,_ spheres
as eh"luents of solid fucl rocket firings; the role of w._sw.-

dum_, etc). Specific components or subsystems of space-

craft that may contribute preferentially b__ the capt,_rrxl

samples (e.g. thermal paints) will be idcntifie.d This

inlom-,ation, in turn, may _ffect selection of material used

in the construction of future,, spacecraft or it may _fect
specific manufacturing precesses. Idenlificat_on of the ,most
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or lea._t prolific particle sources remains a first step in

mi_;a.'Ar,g the debris hazard.

Becau_ CDCF registers and collects all par'_icles in
LEO, i_ _,i!l _sstst the spacecraft engineer to better define

prGtective siaiclding reouiremenLs and exW..cted col!isional

lifetimes of fl_ght-sy3tems. The active sensors,; of CDCF,
mounted on a moveable, planar instrument arts?, will

measure particle fluxes m'_d the dismbution of encouqter
veioc_':t_es as a funcuon of specific radiants or viewing
directions Considerable differences i'_ total kinetic c aerg)

(or momentum or mass) fluence exist between the le,adin_

(ram-direction) and trailing edges (anti-ram) en a non-

spinning platform in LEO, because the spacecraft velocity

adds vectorially to a particle's geocentric velocity. Unfavor-
able areas of high fluence may be d_stinguished from

_elatively benign pointing directions; differences ira colli-

sional energy ma_ differ by more than an order of
magnitude between ram- and anti-r,,m directions according

to current calculations. CDCF will provide quantitative
information _n total mass-fluence, velocity distributions,

and angles of incidence as a function of pointing direction,

all figuring proc_inently in hypervelocity impact-,
pen tratk, n-, and collisional-fragmentatioa processes and

F,otentJal damage to flight-systems.

Another design feature o_ CDCF is o/ significance to

orbital debris: CDCF will be operated long-term, i.e.
nopefully for more than a decade as tempvral variations of

nattu-al particles are of interest. CDCF must De viewed as a

long term "dust-observatory" that also monitors the

evolution of orbital debris populations throughout its
lifetime. The observatory type operations also include

accommodation of superior instruments or subsystems at
later dates, either by replacement of old, modular

instruments or by physical growth of the facility.

.Qo._eptual Facility De_.._s_!_

Figure I illustrates a con_.tvtual facility architecture

tha, accommodates the major science requirements: a planar

army (-3.3 x 3.3 m in surface a;_ and -1 m deep) that can
be reoriented azimuthally about a vertica! axis (360°).

Furthermore, th_ entire array is hinged to al;ow variab!e
inclir,3tion about a horizontal axis (between 0° and 90°),

These features provide for reorientation capability of all
instrument surfaces and accommodate the basic science

requirement to access the entire sky and Io occasionally
elect some vet 3' specific ,'adiaqt (eg., during meteoroid-

shoger activity). The view of the faciltly's fron: side

_'her,- _tica!ly depict__ the modular concept proposed for all

mstru;:,,_nts and their principal com_nents, the trajeclory
_nmr and .::apture device. !Modular insu-ument bui_d-up via

standardized interfaces seems advantageous for the
accorTmodation o; diverse instruments. Remo'val of

fractional surfaces (i.e., _f easily lnwerchangeab!e

"'modules") is also needezl dtaqng harvesting operati(ms and

con,.'urrent replenishmen_ with pristine modules.

Furthermore, modular design seems advantageous for
subs_itutior_ by innovative instruments and for

repair/replacement of failed components. In addition, all

seasor_ must be intc_ated v,'ith a single, central da:a
system. A modular design also minimizes the routine

demands on the resources (i.e., mass, volume, etc.) of the

Space Ttan_or,.ztion System to shuttle harvested modules
and their prisunc replacements :_ and from Freedom;

petiole harwe,sting,'ref_cval of fractaortal surface areas is
readily accomplished with a modular design because only

that subset of collectors which has suffered in'_pact needs to
be har_,ested/transponed. All instrument modules will be

designed to permit robotic harvesting and concurrent

_eplacement with pristine collectors; such harvesting and

replacement operations will occur every 90 days, as
available.

A central data system (not illustrated) will be part of

the facility and will provide power, signal acquisi-

uon/processing c::oabilities, and telemetry links for a
instruments; this system will also acquire all navigational
information from the Freedom Station lhat is needed to

obtain geocentric particle trajectories. Auxihary CDCF
features include an active contamination monitonng system

and a mechanical contamination barrier that may be closed

during periods when intolerable amounts of conta_ir, ar_ts
are known or suspected to be present.

A dedicated ground ogeration facility will be emplaced

tor long-term operations which includes all ground to facil-
ity telemetry, electronic networking to flight-instrument

Pls rapid dis_bution of Pl-c.apture devices, processing of
the user insb'ume.nLs, and allocationJct_rauon of _he general-

user spec!mens.

Zra_tory Sensor Dev_

All trajectory-sensor concepts currently under con-

Aderauon ha'_e either ..ome degt_ of flight heritage and/or
were tested in a variety of hyperveioc_ty impact facilities.

Conceptually. they acquire signals in the form of:

a) Electrical charges in the form of ions or electrons
that are produc;.d by thermal ionization upon

hypervelocity impact (= PLASMA SENSOR).

b) Change in net polarization of thin films causeA by

displacement/disordering of dipoles during

cralenng/peneL_ation events (= PVDF SENSOR).

c) InduceA charge(s) in a carefully biased electrostatic

grid system that is traversed by naturail_ charged

parucles _= CHARGED PARTI_LE SENSOR).
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DETECTOP

COLLECTOR

__,,/ x----'TRaJECTOAV OETECTCR
CELL___._lll ! COLLECTOR ASSEMSL_

_OTATION ASSEmbLY

STAT;ON TRUSS

Figure 1. Prehminary structural de;ign of CIY'SF accounung for the first-o_'der science requirements, such as repos]taoning

into any orientation via a vertical and _ horizontal axis, accommodation of ntodular instruments, a total instrtunent surface of

sot_e I0 m2 and of approximately 1 m in depth. Also inc!uded are features to monitor/protect against intolcrablc

contm'r_ination, and it is envisioned that appropriate reposltio_ing of thc array into some harvesting mode will allow the

,, 'erobodc syslem to access both the front (i.e., trajectory sensors_, an,'1 t_ rear surface O.e., collector modules).
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These principles are long recognized in cosmic-dust
flight instruments and most were successfully employed as

recently as the GIOTTO and VEGA missions to comet

Halley in 1986; some are considered flight-candidates for
CRAF. An empirical database exists that demonstrates the

successful acquisition of useful signals based on the above

principles. The _bove list may not be considered exclusive,
however, as innovative detection principles may emerge to

diagt_ose small hy-pervelocity particles m free flighL

The CDCF objectives mandate accurate trajectory

detemtinations. A <1% error in velocity measurement is
the current design goal, although more adequate

requirements -- either relaxed or tightened -- can only be
given after detailed parent-daughter orbital-divergence

calculations are accomplished. The accuracy in the

measurement of angular resolution will be better defined by

such calculations as well; the current design goal is
specified at <I °. While these design goals provide technical

challenges, they do not require innovative technology.

Suitably accurate velocities can only be obtained by
direct measurement of the transit time between two or more

,,v,_sor stations of well known separation distance. Most
previous flight instruments based on the above detection

p_nciples utilized only a single sensor that diagnosed the
exact arrival time of a projectile and tit,at determined either

momentum or kinetic energy. Utilization of multiple

sensor stations for the precise measurement of a parucle
transit time necessitates substantial mechanical and

electronic reconfiguration of most past flight sensors.

The determination of a particle's state vector also

demands knowledge of the precise locations of the

penetration points of at least two sensor planes, or that

other means be devised to determine the particle's flight
path relative to an instrument reference frame. This is a

new challenge for some sensors flown previously, yet it is

accommodated by others with relative ease. Specific

instrument coordinates relative to the Space Station
Freedom's comer of gra' ity will have to be tracked

contiguously for the reconstruction of geocentric orbits.

This is accomplished by specific mechanical and electronic
architecture of the facility itself, and includes acquisition of

facility/instrument pointing knowledge, possibly via

dedicated star tracker, and access to _e Space Station

navigational data system, either in real time or via precisely
synchromzed clocks.

Almost without exception, sensors exposed in previous

flight c rpenments were of low m_hanical transparency;

many monitored genuine cratermg events on relatively thick
witness-plates. The particle capture objective of CDCF

demands highly transparent sensor systems that minimize

physical interference with the traversing particle, so as not

to unduly compromise the integrity of a specimen before it
reaches the capture medium. Excessive interference with

the parucle also rinses the concern that it may be intoler-
ably decelerated or that other modifications/imprecisions in

trajectouJ determination may be i,_troduced. Empirical

insight by means of small-scale hypervelocity iml_act
expenmextts are needed to address some of these issues.

Based on the above, most previously employed sensors
need considerable modification to be included into CDCF.

They must accommodate a prec_ e measurement of transit

tame between sensors, provide reformation o;', particle
location, and be mechanically, of a highly tra:lsparent

design. Conceptual solutions for these modifications were
offered during workshops and other formal and informal
communications (Walkex, 198315. HOt'z, 198616. Mackin-

non and Carey, 198817).

C _apture Device Development

In general, the kinetic energy of natural impactors

vastly ex_ the specific heats of fusion and vaporization

of common silicates; therefore, the purposefully designed

capture device must aim at maximizing the dissipation of
this energy into the capture medium. Deceleration by

molecular collisions (gaseous medium) or viscous drag
(liquids, etc.) seems impractical in LEO. The practical

method of choice is deceleration by impact processes. That
this method can work is illustrated by the successful

analysis of projectile residues on diverse hardware exposed
and returned from LEO such as Solar Maximum satellite

diermal 13lankets and thermal control louvres (see below).

Nondestructive deceleration and the recovery of pristine,

unmodified dust _pecimens does not seem possible with
coilisional capture techniques for impact velocities

>10km/s; such high velocities should be frequent. The

technical challenge, therefore, is to devise means for the
le_._stdestructive deceleration. The applicauon of shock-

physics zliows identification of suitable approaches that

will lead to purposefully engineered, optimized capture
dewces. Yet other considerations will be of concern as

well, such as the specific cosmochemical objectives that

control ',he materials, as well as their degree of purity,

from which cM.lectors may be fabricated. Specific collector

designs may also be optimized for "large" and "small"

impactors, or for high-velocity or low-velocity imp,actors.
Lastly, procedures to recover the trapped particle residues

from the capture medium upon their return to Earth, and to

render them into a configuration amenable for analyses,

must. figure prominently in the design o1 capture devices.

Two basic approaches to collect hypervelocity particles

are _._resently under consideration and conceptual study: (1)
the :lse ot specialized, low-density/high-porosity foams, and

(2) the use of multiply stacked, thin film_.

Materials of extremely low bulk-density (<0.05 g/cm 3)

are currently available m the form of highly porous foams.
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B&w.A on (modest) extrapolation of existing equation-of-
state data for low-density foams, it see,ns possible '. _keep

the shock stress below the solid/liquid phase transition for
most dense silicates (approximately 40-60 GPa) that coilide

a_ typical cosmic velocities (approximately ! 5 kin/s) with
such low density targets. However, the low-density/low

shock-suess arguments apply Duty to foams tL:_ za-e of

proper dimensiona! scales; the thickness of all solids
making up the foam must be substantially smaller than

typical dimensions of the impactors. These scali;Jg

considerations identify ao-ogel, a commercially available
silica-foam, as being well suited becau_ it is made of

irregular chains and clusters of SiO4 tetrahedra some 30-
50A across (Fricke, 199818). Aeroge' has been

successfully employed in laboratory capture, experiments

where silicate impactors remained unmelted at light-gas gun
velocities up to 7 km/s (Tsou et al., 198719; Zolensky et
al., 19902O).

The multiply-stacked, thin-film capture method relates
to the generation of extremely short shock-pulse duration

times, which in turn, precipitate very rapid stress altenua-

fion in the impactor. This may keep substantial volumes
of the projectiles, located towards the rear, from experien-

cing high shock-sere _sses and temperatures. The thinner the

foils, the shorter the pulse duration, and the larger ",he
fraction of the projectile engulfed by modest shock

pressures. In practice, the thinnes: foils available are on the
or,_ of 300-500A in thickness. Suitably scaled laboratory

experiments are necessary to quantify specific collisional

outcomes and to extrapolate the mass of unmelted particle
fragments that may be captured at cosmic velocities.

While application of shock principles is a necessary
fu'st step in the design of capture devices, it retrains unclear

whether sufficient energy is indeed partitioned ;.ned the

target medium. Intolerable projectile heating by frictional

proces_s may occur in low-density foams or by repeated

shocks while penetrating a series of thin foils.
Furthermore, collisional fragmentation of many particles

may not be avoided in view of the fact that dynamic tensile

strengths of dense silicates (0.1-0.2 GPa), are readily
exc.eeded urM_ most fore.se_ble condioons.

Cmglu_m.Re, mat_

While many aspects of CDCF require continuous and

concerted development as described, it does not depend on

innovative technology. The latter specifically applies to the

development of suitable instruments. ML.ch effort and cost

will have to be devoted towards compatability with and

integration into the evolving Space Station and its sub-
systems, inctuding NSTS, for routine_ long-term

operauons.

Modest trajectory sensing eapabilit!es exist now and
meteoroid capture by coilisional processes in LEO has, m
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the past, resulted m analyzable residues. Returned parts of

the Solar Maximum satellite were successfully analyzed
and, in most cases, a distinction between natural and man-

made particles could be made. Indeed the Solar Maximum

experience _lemonstrate.s that both particle populations have
substanti_ diversity, pointing to many differet, t sources

(e.g. Warcen et al, 198921). Substantial, additional insights
will be obtained from the mc,enfly retrieved long Duration

Exposure Facility that exposed 130 m 2 of total surface

for some 5.7 ye_ws, with approximately 40 m 2 occupied by

experiments dedicated to study natural or mac-made particles
ia LEO (Kinard, this volume).

No doubL CDCF cannot match the large area-time
product of LDEF for a long time to come. However, all

LDEF experiments were passive, providing no direct
information on detailed dynamic properties of individual

particles. E_pecially, direct assignment of particle origins
is not possible, as no uajectory information was obtained

on LDEF. CDCF is purposefully designed to yield

dynamic information on a particle by particle basis. This

offers the potential to define the collisional hazard in LEO
with substantially increased confidence. Also, identhqca-

tion of specific particle sources is possible via CDCF,
which constitutes a first step in the reduction and
elimination of undesirable debris.
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SPLINTER GROL_ _ DISCUSSIONS

CONCLUSIONS AND RECOMMENDATIONS

Blair LaBarge

NASA Headquarters

Discussion groups were formed to focus individually on

measurements, modelling, and shielding/protection, with the intent

_o develop consensus in these areas. At the final eession, the
c<ncluslons and recommendations delived from these discussion

groups were presented• A summary of the major points is as
follows:

DEBRIS OBSERVATIONS/MEASUREMENTS (chaired by Andrew Potter,

NASA Johnson Space Center)

Considerable efforts are already underway or planned for the near

future to measure and catalogue debris data. These include radar

and optical measurements, and analyses of returned materials

(Palapa/Westar, Solar Max. LDEF).

However, current efforts remain inadequate. Much broader and

more vigorous programs are needed, including:

Specific tasking to USSPACECOM to track orbital debris,

especially in the I-i0 cm range. Current observations and

cataloguing are merely a by-product of regular USSPACECOM
activities.

Dedicated USSPACECOM support f_r Space Station Freedom collision

warning, as is already done for Shuttle missions. Some

participants advocated a direct request from the NASA

Administrator to the Secretary of Defense for dedicated conti:uous

support.

Extension of dedicated measurement time using existing ana

planned radars.

Correlation of optical and radar observations through joint

NASA/ESA/NASDA-ISAS experiments.

Implementation of a data exchange program with the USSR.

Extensive collision warning experiments and simulatzons using the
Shuttle.

Develop observation methods for GEO debris.

DEBRIS SHIELDING/PROTECTION (chaired by Walter Flury, ESA,

and Ray Nieder, NASA Johnson Space Center)

A. The current shielding/protection program for Space Station

Freedom is inadequate, and the lack of focus is disturbing given

the short timeline for SSF. An active commitment from senior

management to address debris problems is needed very soon.

Engineers involved in debris research must raise the consciousness

level of senior management tc the problem, in order to secure

adequate funding to pursue a truly effective research progr_,.

B. An, international working-level group composed of government,

industry, and academia is neeued to pool availabl_ expertise and

to bypass cumbersome layers of existing management. The group

_0_



would address issues of shielding, protection, collision

avoidance, data _xchange, and spacecraft design standards.

C. Guidelines governing technology transfer must be clarified and
streamlined in order to facilitate coordination with ESA and

NASDA.

D. Current NASA-DOD communication on shielding techniques is

inadequate, and should incorporate more working-level exchanges.

E. Current d_bris impact testing uses aluminum almcst exclusively.

A broader range of materials needs to be included in testingo

F. It is premature to consider establishing regulatcry guidelines

governing debris; further study and testing is needed first.

. DEBRIS MODELING _D MITIGATION/CONTROL (chaired by Don
Kessler, NASA Johnsen Space Center, and Dietrich Rex, Technical

University of Braunschweig, FRG)

A. In the short run, debris models will be used to assess

vulnerability and shielding needs for SSF. In the longer term,

models must be able to determine levels of critical debris density

(which perhaps are being approached in some regions of orbit

already), and to evaluate the effectiveness of debris controls.

B. Better models on object breakup are needed, to project numbers of

particles, velocity, etc.

C. A serious shortfall in current modeling is the lack of attention

to dangers from secondary ejecta following initial impact. T_is

is especially critical for SSF. _etter and more extensive inter-

national ccordination is needed to validate secondary impact
models and make them consistent.

D. Actual data and measurements of objects in GEO are needed to
validate and refine GEO debris models.

E. A =entral data bank should be established to allow for free

access to information and exchange of data between debris

researchers. It should be an interdisciplinary operation e3en to
international access, usine a network such as SPAN or INTERNET.

F. Work should begin immediately to develop techniques for active

removal of debris from orbit, and for bett_r prevention of on-
orbit accidents that idd to and destabllize the debris

environment.

G. Further study i- needed before recommendatlons _n be _ade

regarding nuclear payloads in the context of orbital deLris
considerations.

Joe Loftus (NASA Johnson Space Center) stated in his

concluding remarks that he considered the tw9 m_in points of the

conference to Le that (i) there is much m_re value to early

intervention actions than previously thought, _ecause the future

implications of current _ _ Ictices at& much wgrse than previousiy

thought; and (2) everyone has talked enoug5 aLout the need to

continue studying the problem; concrete action is ._eeded now.
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